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The demanded, expected and continuous economic growth has a big burden on the environment 
because of the resources scarcity and limited availability. Circular Economy concept has been 
considered as an alternative paradigm that can eliminate waste and support the continual use of 
resources. Many companies are trying to deploy the CE concept through innovation and techno-
logical advancements. However, succeeding in that requires assessing the developing technolo-
gies to fit with circularity concept in order to be sustainable. To explore this phenomenon and 
address the issue while developing theory in this research area, this study aims at answering the 
following research question: What are the technology catalysts that accelerates Circular Economy 
transition? What is the criteria for assessing developing, and sustainable Circular Economy tech-
nologies? With the following sub-question; how the technology advances Circular Economy and 
sustainability? How ready is the technology? 
 
To answer these questions, a multiple case study of 7 different cases is conducted. Various tech-
nologies were selected as the cases in order to cover a wide range of technology streams. The 
collected data is primarily qualitative, gathered from qualitative interviews. Five semi structured 
interviews were held, all the interviews were recorded and transcribed by the author. The data 
was analysed in each separate case using the framework developed to answer the research 
questions. Then from the data collected a cross case analysis is conducted on technologies per 
se level to pinpoint to any patterns across assessed technologies and on technology streams 
level, to identify the commonalities and differences among technology streams criteria for as-
sessing Circular Economy technologies. 
 
Results identify that developing and sustainable Circular Economy technologies should be as-
sessed based on the criteria of circularity, sustainability and technological readiness. Each crite-
rion has different deciding methodologies. Most of the methods and approaches used for assess-
ment were mainly quantitative. Also, it is was identified that most immature technologies are the 
ones that follow a strong circularity strategies of reuse and reduce. Furthermore, most technology 
developers lack the importance of considering the social dimension of sustainability while devel-
oping their technologies. They rather link environmental benefits to social impact. The results also 
indicate that most technology streams can accelerate Circular Economy transition. Nevertheless, 
digital technologies, manufacturing technologies and bio-technologies were highlighted. There-
fore, this study contributes to the qualitative assessment of Circular Economy literature and de-
velops an assessment approach for managers, policy and decision makers for deciding upon 
technologies that fulfil a strategy of sustainable Circular Economy technologies. 
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Companies seek economic prosperity, growing their business and bringing in more 
money through different strategies. For many companies, technology development is the 
main strategy and road map for growth; promising technologies encourage optimistic 
new-product business cases that seek converting the raw technology into profit (Clausing 
& Holmes, 2010).  
 
Technologies have been in a constant exponential development. For instant, in the last 
three centuries, the technological advancement was so quick and momentous that it was 
considered as the age of technology (Grubler, 1998; Musango & Brent, 2011). 
 
Furthermore, technology development is a continuous process (Clausing & Holmes, 
2010). It has the potential of providing the advantage of economic growth, societal ben-
efits, as well as, making it easier to minimize the negative environmental effects 
(Musango & Brent, 2011).  
 
Nevertheless, the relation between the environment and technology is complicated and 
contradictory (Grubler, 1998). In many occasions, technologies are creating unwanted 
by-products, using scarce resources and placing stress on the environment (Musango, 
Brent, Amigun, Pretorius, & Hans, 2012). On the other hand, technologies can also lead 
to a better resources management, improved efficiency, and less environmental stress 
(Musango & Brent, 2011). The latter perspective is known as sustainable technology 
development (Weaver, Jansen, van Grootveld, van Spiegel, & Vergragt, 2017). 
 
Musango and Brent (2011), argues that sustainable technology development is not au-
tonomous and needs management to be achieved. Also, many companies acquire 
losses in their revenues because they start manufacturing new innovation without as-
sessing their technologies (Clausing & Holmes, 2010). In order to manage and improve 
any system there should be a way to measure and assess it (Drucker, 2005). Therefore, 
assessing technologies is important and essential for deciding upon the benefits to be 
acquired by any technology.  
 
Technology assessment is one of the most important and essential fields of technology 
management (Tran & Daim, 2008). As argued by Mankins (2009) that the assessment 
of technologies is an important component of the effective management of technologies 
and any innovative technologies should be tested under certain engineering and manu-
facturing conditions long before it is transferred to a commercial product. Therefore, tech-
nology assessment can create a competitive advantage for many companies by reducing 
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risks accompanied to the development process of the technologies, provide information 
that support decision making in defining the track of research and development, deter-
mine the technologies to be adopted and the ones to be improved, as well as, the capital 
expenditure on the new technologies (Henriksen, 1997).  
 
Currently, companies are looking for alternative paths for achieving their growing and 
continuous improving sustainability standards. The established growth model repre-
sented in linear economy which is based on take-make-dispose philosophy is consuming 
a lot of scarce resources and contributing towards waste generation (Pagoropoulos, 
Pigosso, & Mcaloone, 2017). Especially, in a world of finite resources and the economic 
development on a rise (Fonseca, Domingues, Martins, & Zimon, 2018). The existing re-
sources are scarce and limited in terms of restocking in an infinite way (Sassanelli, Rosa, 
Rocca, & Terzi, 2019). Hence, finding an alternative paradigm that has a new philosophy 
of maintaining resources and limiting waste generation is important (Sariatli, 2017). 
Therefore, companies are looking for future competitive advantage through addressing 
the Circular Economy concept. 
 
Proposing the concept of Circular Economy (CE) as an alternative paradigm to the linear 
model was introduced by different researchers. It has become an interesting and im-
portant field of academic research with an increasing number of journals and articles 
covering the topic since its introduction (Geissdoerfer, Savaget, Bocken, & Jan, 2017). 
Circular Economy became a very popular and widespread concept in literature after 
many years of investigations (Sassanelli et al., 2019; Winans, Kendall, & Deng, 2017). 
Circular Economy can demonstrate a better strategy to meet the continuous economic 
growth, it is characterized as a restorative and regenerative economy (Pagoropoulos et 
al., 2017; The Ellen MacArthur Foundation, 2013). Therefore, instead of extracting new 
resources, use them for manufacturing or any other purposes and then disposing them 
at the end of their lifetime cycle, Circular Economy aspire at keeping materials and prod-
ucts that can offer value in a closed loop, as well as, encourage different circularity strat-
egies that can promote better management to exiting products and materials. Then, the 
goal is to keep the added value of a product as much as possible within the economy as 
a usable resource which can be reused while eliminating waste (Sariatli, 2017). 
 
Since Circular Economy is a technology driven concept, companies and their stakehold-
ers are realizing the potential opportunities promised by Circular Economy lately 
(Geissdoerfer et al., 2017). Therefore, many companies started to develop Circular 
Economy technologies and shift into Circular Economy manufacturing while adopting 
new designing methods. Hence, assessing new Circular Economy technologies is im-
portant to achieve the maximum technological benefits. 
 
According to Sassanelli et al. (2019) Circular Economy concept has been impelling the 
redaction of legislative directions mainly in Europe and China. Therefore, there is a high 
need of a broad and well integrated technology assessment tool that is able to assess 
sustainability of any technology, so technology developers, policy and decision makers 
will be able to define the convenient technology options that support the perspective of 
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sustainable technology development (Musango & Brent, 2011). Although the final deci-
sion is not necessarily provided to managers or policy makers by technology assess-
ment, however, it will improve the chances of achieving the best technological benefits 
(Henriksen, 1997). In other words, technology assessment has changed for decision and 
policy making key players from being a simple evaluation tool to a strategic planning tool 
for adopting new technologies (Musango & Brent, 2011). Furthermore, from a tool that 
assesses only the technological side from engineering point of view to a tool that incor-
porates both the engineering and management point of views. 
 
Thus, as discussed earlier the value offered by technology assessment has been effi-
cient in addressing different technological problems, yet the need of finding different and 
more methods of assessment that covers new emerging technologies from different 
backgrounds is essential (Tran & Daim, 2008). Therefore, after research investigation… 
 
…it is obvious that there is a gap in the literature that does not cover an assessment 
approach of sustainable Circular Economy technologies, in particular in an early phase 
and on a technology development level.  
 
Most of the relevant literature is covering only a quantitative assessment of the material 
flow in the whole system, or the environmental impact of Circular Economy technologies 
or in some occasions covering the whole sustainability concept. Moreover, other litera-
ture focused on discussing the assessment of the performance of Circular Economy by 
focusing on the circularity degree like Sassanelli et al. (2019), or focused on developing 
a quantitative tools that assess the industrial symbiosis of Circular Economy in certain 
industry like Wen and Meng (2015), or focused on developing a framework for assessing 
the complex value of recovered resources in Circular Economy context like Iacovidou et 
al. (2017), or focused on developing an assessment tool for the end of life product re-
covery strategies in Circular Economy like Brissaud (2019). 
 
Therefore, this thesis develops a framework for assessing developing sustainable tech-
nologies in Circular Economy, with the aim of providing a common and consensus un-
derstanding on a holistic assessment model for Circular Economy technologies in their 
development phase. The framework is designed to ensure that technology development 
in the field of Circular Economy incorporates and couples different type of indicators that 
can demonstrate the technologies circularity, readiness and sustainability impact. Those 
indicators together enable the evaluation of the aggregate technology competence and 
further ease the strategic planning and assessment of the technologies. 
1.2 Objective 
This study is aiming to fulfill the research gap of identifying a common assessment ap-
proach to be used in assessing sustainable Circular Economy technologies, which are 
in their development phase. While the Circular Economy assessment have had a big 
interest in literature lately (Sassanelli et al., 2019), the focus have been mostly on as-
sessing the performance of existing and operating Circular Economy technologies. 
Therefore, the need of identifying more and different assessment tools is important (Tran 
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& Daim, 2008), to be able to assess technologies at an early stage while they are under-
going development to prevent acquiring revenue losses by companies and creating un-
wanted by-products (Clausing & Holmes, 2010; Mankins, 2009), which is the main target 
of effective technology management, and the main gap to fulfill by this study. 
 
Moreover, fulfilling the main gap of this study will require detecting various developing 
Circular Economy technologies, then identify from technology developers perspective, 
the technology streams that are witnessing many technological innovations and contrib-
uting for a fast transition towards Circular Economy. Such technology streams acting as 
a catalyst for enabling Circular Economy business Ecosystems will be identified and cov-
ered throughout this study. 
 
Therefore, to address the main gap of this study which is revolved around the approach 
of assessing developing sustainable technologies in Circular Economy, the main re-
search question of this study is: 
 
1. What is the criteria for assessing developing and sustainable Circular Economy 
technologies? 
 
To better argue the main research question, a set of sub-questions are used to add more 
in depth to the study and to cover the terms ‘‘developing’’, ‘‘sustainable’’ and ‘‘Circular 
Economy’’. Also, to be used as a reference in analyzing the selected cases later in this 
study. The sub-questions are: 
 
 How the technology advances Circular Economy and Sustainability? 
 How ready is the technology? 
 
Then, to identify what are the technology streams that are contributing towards a Circular 
Economy transition with a wide range of technological advancements, the second re-
search of this study is: 
 
2. What are the technology catalysts that accelerate Circular Economy transition? 
 
To answer these questions, then detecting various technologies from different scientific 
fields and backgrounds is essential, so the possibility of detecting common assessment 
criteria while covering wide spectrum of technologies. As well as, identify the technology 
catalysts from different technology stream point of view. Therefore, a multiple case study 
was conducted as a convenient research design for this study to answer these questions, 
since case study research is an effective method at finding more information through 
analyzing and cross-compare collected data (Saunders, Lewis, & Adrian, 2009).  
 
The previous research questions/sub-questions will guide and assist in conducting the 
study. Thus, the objective of the thesis is…  
 
… Mapping Circular Economy technologies within Tampere University while providing 
the policy and decision makers with an assessment criteria that allow them to holistically 
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assess developing Circular Economy technologies. Also, present technology catalysts 
that are enabling and accelerating Circular Economy… 
 
The thesis has an exploratory nature and to answer its research questions and meet the 
study objective, a multiple case study is conducted. Morris & Wood (1991), argue that 
the case study strategy is effective at helping the practitioner conducting the study for 
gaining better understanding of the context of the study. Moreover, Saunders, Lewis, 
and Adrian (2009); Yin (2014), discuss that case study strategy most often used in ex-
ploratory research which is evident that case study strategy was convenient choice for 
conducting this research.  
 
Since the aim is to identify criteria for assessing Circular Economy technologies and the 
concept of Circular Economy can be used in technological advancements within different 
technology stream. Then, it is inconvenient to select only one technology represented in 
a single case to conduct this research. However, using multiple case study approach in 
conducting this thesis will generate a more generic level of details and scattered infor-
mation rather than very specific compared to the using single case study (Yin, 2014). 
Nevertheless, this generic level of detail can be very beneficial for policy and decision 
makers to provide guidelines for the knowledge needed for deciding and assessing upon 
Circular Economy technologies. Furthermore, for technology developers, it can provide 
a roadmap that covers different focuses to follow while developing their technologies. 
1.3 Structure of Thesis 
The thesis is structured in a way that serves the asked research questions, to fulfil the 
introduced gap and cover the literature topics of interest to this study. Hence, it is divided 
into seven chapters as follows: 
 
1. First chapter introduced the background, the main objective of the study along 
with introducing the research gap. Also, the main research questions and 
sub-questions that are supposed to cover the research gap. 
 
2. Second chapter discusses the sustainable circular economy, this chapter is 
the first section of a two literature sections that sum-up the theoretical back-
ground of this study. The chapter is divided into two parts. First part covers 
the difference between linear and circular models, the accelerating actors af-
fecting it and the R-strategies of circularity. Second part discusses what is 
meant by sustainability, its three dimensions and the relation between Circu-
lar Economy and sustainability in literature. 
 
3. Third chapter is the second section of literature in this study, it introduces the 
technology development and its assessment. Then discuss the Circular 
Economy technologies assessment and the readiness concept, the motives 
and drivers of researchers to develop circular economy technologies. At the 
end, the assessment tool to be used in assessing the technologies mapped 
in this study while explaining the tool limitations 
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4. Fourth chapter demonstrates the research methodology, what is the research 
design of the study, the framework developed for assessing technologies, the 
case selection procedures and the data gathering methods applied in all the 
research activities and its analysis. 
 
5. Fifth chapter introduces the technologies mapped for this study, describes 
them and discusses their impact on Circular Economy and sustainability. Also 
demonstrate their readiness and an overview for each technology. 
 
6. Sixth chapter present the cross case analysis that took places between the 
mapped technologies. Demonstrate the analysis from technologies per se 
perspective and from technology streams perspective. Also, reviews the new 
findings realized by the end of the study and  
 
7. Seventh chapter concludes and sum-up the whole thesis findings, explains 
how the study met the objective and describes what the theoretical and man-
agerial implications of this study are. Also, what can be done better/differently 
for better research outcomes. 
 
Therefore, this thesis focuses on the assessment of three different areas and applying 
different tools and strategies that can be linked together to attain a sustainable and ready 
Circular Economy technology. First is Circular Economy technologies, second is sustain-
ability and third is technological readiness. An assessment tool or approach will be used 

































Figure 1. Thesis research areas and their relations 
 
These combined focus areas and their assessment tools can provide the understanding 
of sustainable and ready Circular Economy technologies. In addition, provide an assess-
ment tool for developing Circular Economy technologies and help policy and decision 
makers determine technologies that serve their desired plan and road map. 
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2. SUSTAINABLE CIRCULAR ECONOMY 
2.1 Linear and Circular Models 
The human existence had been characterized by its cycle, the distant past is always 
viewed as better than the present and future, at the best case, the present and the future 
are similar to the past (Bonciu, 2014). This whole idea changed by the modern concept 
of linear improvement where the future is estimated to be far better than the past due to 
the accumulation of knowledge, experience and wealth. Similarly, that was the common 
idea to the economic growth, the more of extracting natural resources and the more of 
manufacturing then the more of economic prosperity. Besides that, the availability of 
cheap materials made industrial communities to rely on extensive use of materials. Ac-
cordingly, the linear economy growth and intrinsic mechanics was dependent on the 
wasteful concept of take-make-dispose (Sariatli, 2017).  
 
As shown in the figure below, at a certain point the global economy was representing a 
small fraction to the global ecosystem. As a result, the idea of unlimited production known 







Then Now  
 
Figure 2. Relation between linear economy and biosphere. Adapted from Bonciu 
(2014); Fern, Gonzalo, and Soto-o (2019). 
 
However, the linear, continuous boost of production in a world of limited resources is not 
practical (Bonciu, 2014). Also, resources are becoming scarce for a wide range of mate-
rials (Pagoropoulos et al., 2017). Along the years, the linear economy became bigger in 
size than the global ecosystem in terms of waste elimination, consumption and extraction 
rates (Bonciu, 2014; Fern et al., 2019). 
 
The gradual increase of awareness of the limits to be reached by linear economy, differ-
ent and new consumption practices have been proposed over the last few years to re-
place the current established linear model (Pagoropoulos et al., 2017). One of the most 
promising economic models of maintaining and improving the well-being of people that 
can be implemented while keeping the consumption rates and waste eliminated in the 
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environment within the same level is known as Circular Economy (Bonciu, 2014; 
Pagoropoulos et al., 2017). As argued by most authors, the aim of Circular Economy is 
to achieve a closed loop that eliminates any extra resources input, any waste and emis-
sions (Geissdoerfer et al., 2017). The shift from wasteful linear economic model to Cir-
cular Economic model should sustain the relation between the biosphere and the de-
manded, continuous economic growth. 
 
Therefore, Circular Economy is aiming at adjusting the consumption and extraction rates 
along with waste elimination by minimizing the use of virgin materials become again 
within the biosphere boundaries (Bonciu, 2014). The core of Circular Economy is seen 
as the circularity of materials in a closed loop as well as, the use of raw materials in 
multiple phases and in different stages (Zengwei Yuan, Jun Bi, 2006). Circular Economy 
is seen as an alternative to linear production model which can increase economic and 
ecological benefits (Fern et al., 2019). It aims at leaving behind the traditional linear 
economy that is based on extracting natural resources for the sake of manufacturing 
products to be either consumed or disposed (Sassanelli et al., 2019). Moreover, the 
closed loop manufacturing systems are considered to be more sustainable than the tra-




Figure 3. Circular Economy transition. Adapted from Bonciu (2014). 
 
The transition towards a resource-efficient Circular Economy is inevitable (Bonciu, 
2014). The responsibility of transition into a circular system relies mainly on private busi-
ness, regulators and policymakers (Geissdoerfer et al., 2017). Private businesses by 
taking the initiative of adopting Circular Economy concept, as well as, develop technolo-
gies that are accelerating the transition from linear to Circular mode. Regulators and 
policy makers by setting new standards and actions plans to implement and pave the 
road for a transition towards Circular Economy. In this transition, resources will no longer 
be obtained from the environment for the means of production (Bonciu, 2014), but rather 
the production process is designed in a sustainable circular way that allows the initial 
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obtained resources used in production and turned into waste to be itself used as a re-
source and recycled again in the economic process allowing a longer life cycle (Fern et 
al., 2019; Pagoropoulos et al., 2017; Sariatli, 2017).  
 
Furthermore, Circular Economy as a concept has gained a big fame lately on the agen-
das of policy makers (Geissdoerfer et al., 2017). Circular Economy is involving with dif-
ferent actors as policy makers (Sassanelli et al., 2019; Suárez-Eiroa, Fernández, 
Méndez-Martínez, & Soto-Oñate, 2019). Germany was considered the leading country 
in adapting Circular Economy in their national laws by 1996 (Su, Heshmati, Geng, & Yu, 
2013). Then, followed by Japan in 2002, China in 2009 (Lieder & Rashid, 2016). Last, 
the EU’s in 2015 with the Circular Economy Strategy (Geissdoerfer et al., 2017). The 
adoption of Circular Economy requires synergy between all parties in the supply chain 
(Fonseca et al., 2018). Moreover, the legalization is increasingly impacting the manufac-
turing industry (Rybicka, Tiwari, & Leeke, 2016).  
 
Moreover, Circular Economy would indicate the end of the ‘‘throw away’’ societal behav-
ior to a big extent, giving up the make, use, dispose wasteful approach of production and 
transit into a reuse, refurbish, recycle and other processes that allow the outputs to be-
come the new inputs preserving their productive use and eliminate waste (Bonciu, 2014). 
Hence, according to Fern et al. (2019) the most common strategies for Circular economy 
are; minimizing inputs of resources and outputs of waste, keeping resources value as 
long as possible and reintegrate the products after the end of their life back into the 
system. The current understanding of Circular Economy and its economical applications 
have evolved into a bigger form that incorporates other concepts that share the closed 
loop idea as cradle-to-cradle and industrial ecology (Geissdoerfer et al., 2017).  
 
Cradle-to-cradle is a sustainable philosophy that requires designers to consider each 
stage of product lifecycle. Starting from the design, production processes to the end of 
life stage (Toxopeus, De Koeijer, & Meij, 2015). The aim is to provide a modern and 
practical design framework that can create products and industrial systems which can 
sustain a long-term economic growth while maintaining a safe and waste free environ-
ment in a closed loop model (Braungart, McDonough, & Bollinger, 2007). While industrial 
ecology is an environmental management framework that aims at tracking and analyzing 
the use and flow of resources in order to succeed in developing a balance between the 
environment and the production processes (Duchin & Levine, 2008).The goal is to move 
from a linear model to a closed loop system in all kinds of production and consumption 
to maintain an equal ratio between the inputs and outputs to planetary (Lowe & Evans, 
1995). 
 
Therefore, cradle-to-cradle and industrial ecology concepts incorporates the closed loop 
idea and have a common goal which is providing the best strategies and approaches for 
having a sustainable economic growth that can meet the industrial expectations while 
maintaining safe and waste free environment. In regards to Circular Economy, there are 
different approaches that are developed in order to achieve resources and materials cir-
cularity to be able to attain low consumptions (Potting, Hekkert, Worrell, & Hanemaaijer, 
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Figure 4. The 9R strategies of circularity. Adapted from Kirchherr, Reike, and Hekkert 
(2017). 
 
The aim of this figure to present a priority order for the waste treatment methods 
(Kirchherr et al., 2017). All the listed strategies represent the range of circularity from 
high circularity to low circularity. The strategies that carry a low R number are viewed to 
be with a high circularity while the ones with a high R number are considered to be with 
low circularity. The explanation of the R strategies according to Kirchherr et al. (2017) is 
shown in the table next. 
 
Table 1. Explanation of 9R strategies of circularity according to Kirchherr et al. (2017). 
Strategy Explanation 
R0 – Refuse To make product unnecessary through discarding its function 
or by offering an alternative product that can do the same func-
tion 
R1 – Rethink Make product use more intensive, like product sharing and ser-
vice based models 
R2 – Reduce To minimize the use of natural resources and materials in the 
manufacturing of products 
R3 – Reuse: Reuse of an abandoned product that can still do its original 
function by a new user 
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R4 – Repair Maintenance of a defective product to be used again with the 
same function 
R5 – Refurbish Restore an old product and bring it up to date 
R6 – Remanufac-
ture 
To use parts of abandoned product in a new product with the 
same function 
R7 – Repurpose Use abandoned product or its parts in a new product with a 
new function 
R8 – Recycle Process materials to obtain the same or a lower grade quality 
of materials  
R9 – Recover  Material incineration for recovering energy 
 
The 9R strategies encourage smarter product manufacturing and use, It is preferable to 
follow the strategy of product sharing and reuse rather than the strategy that encourages 
extending the product life time, because the product will be used for its same function 
with the same or different users (Potting et al., 2016). 
 
Circular and service based system is essential but not enough for a sustainable system, 
other surrounding factors like a change of lifestyle is required to achieve a long-term 
sustainable system (Nakajima, 2000). Also, authors argue that the main benefits from 
implementing Circular Economy systems appear to be more likely economic, neverthe-
less, the environment benefits from less pollution and the social benefits from certain 
assumptions like more labor jobs and less tax (Geissdoerfer et al., 2017). Therefore, in 
the next chapter the sustainability concept will be discussed, its dimensions, how Circular 
Economy is related to it and how important is it for attaining a sustainable system. 
2.2 Sustainability 
Sustainable development is the development that fulfil the present needs without com-
promising the future generations ability to fulfil their own needs (Bonciu, 2014; Fern et 
al., 2019). Policymakers and companies’ top management are modifying their agendas 
and strategies because of their increasing concerns about sustainability (Geissdoerfer 
et al., 2017). Moreover, Circular Economy appears to have justice in terms of resource 
utilizations which is implicit in the concept of sustainable development (Fern et al., 2019; 
Geissdoerfer et al., 2017). Therefore, Circular Economy is gaining a big traction as the 
novel passage towards operationalizing sustainable development (Kirchherr et al., 
2018). According to Korhonen, Nuur, Feldmann, and Eshetu (2018) Circular Economy is 
a sustainable development initiative with a focus on reducing the traditional linear model 
of production-consumption flow through applying circularity to materials. 
 
Circular Economy is stated to be an economic system that is based on business models 
which replace the end-of-life concept with reducing or reusing or recycling of materials 
in order to achieve sustainable development which entails an environmental, economic 
and social advancements to the current and future generations (Kirchherr et al., 2017). 
Furthermore, sustainable development consists of three dimensions, economic, environ-
mental and social dimensions. The three dimensions aim to reduce the environmental 
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burden until it reaches a viable standard, maintain economic prosperity and social soli-
darity and synergy (Lozano, 2008). 
 
Hence, Circular Economy is seen as the most attractive operational strategy for busi-
nesses to initiate, implement and accomplish the concept of sustainable development 
(Ghisellini, Cialani, & Ulgiati, 2016; Kirchherr et al., 2017; Murray et al., 2017a). Compa-
nies were able to define tangible Circular Economy strategies that encourage less use 
of raw material and waste production, all through technological advances, design and 
recovery processes (Hobson, 2016). Hence, economic benefits are achieved along with 
positive environmental impact. Both economic and environmental benefits are consid-
ered to fall under the umbrella of two of the dimensions of sustainable development. 
However, authors usually do not discuss explicitly in literature the relationship between 
the concept of Circular Economy and sustainable development (Geissdoerfer et al., 
2017; Kirchherr et al., 2017). Moreover, most authors in literature do not review Circular 
Economy with a holistic view over the three dimensions of sustainable development, 
usually they are discussing one or two dimensions lacking the social impact which can 





Figure 5. CE impacting only two dimensions of sustainability. Adapted from Fern et al. 
(2019). 
 
As shown in the figure above, Circular Economy is only covering two dimensions of sus-
tainable development leaving the social dimensions behind. According to Kirchherr et al. 
(2017) studying of 114 Circular Economy definitions reveals the following; almost half of 
the Circular Economy definitions reviewed and studies aim towards economic prosperity 
followed by environmental improvement in almost one third the definitions, while social 
impact is only mentioned and discussed in nearly one fifth of the definitions. According 
to Sauvé et al. (2016) most scientific literature shows and supports that Circular Econ-
omy covers both economic and environmental dimensions of sustainable development. 
Also, it is argued that the discussion of Circular Economy and its relation to sustainable 
development is usually carried in two different ways (Fern et al., 2019). Some authors 
address the Circular Economy and sustainable development while considering social 
impact within (Kirchherr et al., 2017; Murray et al., 2017a). On the contrary, other authors 
address the Circular Economy goal towards sustainable development only from eco-
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nomic and ecological point of view (Geissdoerfer et al., 2017; Sauvé et al., 2016). There-
fore, the focus is mainly on the environmental performance change and improvement 
when addressing Circular Economy systems, there is no clear understanding of the so-
cial benefits behind Circular Economy that can contribute to the human well-being 
(Geissdoerfer et al., 2017).  
 
However, Kirchherr et al. (2017) and Murray et al. (2017) suggested the importance of 
the inclusion of the social dimension as well, since Circular Economy is seen as tool that 
operationalize the sustainable development. Hence, it requires to include all the dimen-





Figure 6. CE operationalizing the sustainability concept. Adapted from Fern et al. 
(2019). 
 
As shown in the figure above, Circular Economy is covering the three dimensions and 
operationalizing the concept of sustainable development. According to Kirchherr et al. 
(2017), Circular Economy should ideally aim to a full sustainable development. From 
economic perspective through strengthen and protecting the economy. From environ-
mental perspective through maintaining and protecting the environment while transition-
ing to better resource efficiency and low carbon footprint. Last from social perspective 
through strengthen the society, provide a better well-being and/or offer jobs.  
 
According to Lozano (2008) any development that is able to balance the three dimen-
sions is considered sustainable on the long term and ignoring any of the dimensions will 
lead to a failure in the whole development process. A lack of consumer awareness along 
with skeptical culture of companies are considered from the main barriers to Circular 
Economy adoption (Kirchherr et al., 2018). According to Jesus and Mendonça (2018) 
social awareness, sensitivity to environmental problems and shifting consumer prefer-
ences from ownership to service based model are the social and cultural drivers for Cir-
cular Economy adoption. Hence, considering the social dimensions is essential for a 
quicker adoption of Circular Economy while contributing to sustainability. 
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Moreover, developing and demonstrating new circular business models together with the 
end-user while taking in consideration their needs can help educating the consumers 
about the Circular Economy business models and solve different social barriers like re-
sistance behavior and business routines (Jesus & Mendonça, 2018). In addition, social 
sustainability is seen as a perspective of social acceptance, it implies to the person’s 
well-being as well (Assefa & Frostell, 2007). However, many issues such as high unem-
ployment, social vulnerability and poverty trap prevented high societal expectations from 
being achieved (Geissdoerfer et al., 2017). 
 
Therefore, there is a close relationship between Circular Economy and Sustainable de-
velopment, however, its role remains unclear under sustainable development framework 
(Fern et al., 2019). What distinguishes Circular Economy from sustainable development 
is that Circular Economy is a tool for addressing some of the causes behind the problems 
that sustainable development aim to solve (Fern et al., 2019; Geissdoerfer et al., 2017). 
Hence, Circular Economy is a tool for reaching sustainable developments targets. How-
ever, technology advancements and innovations is important for Circular Economy to 
achieve sustainable development target which will be discussed in the next chapter. 
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3. TECHNOLOGY DEVELOPMENT AND CIRCU-
LAR ECONOMY ASSESSMENT 
3.1 Technology Development 
The need for effective technologies advancements is as important as the need for a new 
business models that can contribute to closing the loops and ease the transition towards 
Circular Economy (Velis & Vrancken, 2015). There are multiple factors that have a role 
into facilitating or hampering the adoption of Circular Economy, such factors can be a 
driver, a need or a barrier or a mix of them (Jesus & Mendonça, 2018).  
 
Technology development is one of the factors that is considered as a driver, a need and 
a barrier at the same time (Kinnunen & Kaksonen, 2019; Kirchherr et al., 2018). Moreo-
ver, the disinclination towards Circular Economy adoption can itself act as a barrier in 
the transition process from linear model to circular model (Kinnunen & Kaksonen, 2019). 
According to Jesus and Mendonça (2018) technical barrier is seen as the main reason 
behind a non-smooth transition of Circular Economy. Moreover, the potential opportuni-
ties of Circular Economy adoption are huge if the technological barrier can be overcome 
(Preston, 2012). Therefore, the existence of a relevant technology to a certain application 
in place is a necessity for the transition towards Circular Economy (Kirchherr et al., 2018; 
Pheifer, 2017; Shahbazi, Wiktorsson, Kurdve, Christina, & Bjelkemyr, 2016).  
 
Furthermore, technological barriers were also outlined as a factor that limits the transfor-
mation from a linear model of take-make-dispose to a Circular model of closed loops and 
extended manufacturing cycle (Bechtel, Bechtel, Bojko, & Völkel, 2013). In addition, the 
lack of availability of technical solutions can restrain the Circular Economy adoption 
(Jesus & Mendonça, 2018). Hence, technology is reviewed as one of the barriers to 
Circular Economy due to the limited circular designs, lack of proven technologies that is 
already implementing Circular Economy and the limited ability to produce a high quality 
remanufactured products (Kirchherr et al., 2018). 
 
However, according to Kirchherr et al. (2018) study, the technical barriers are not con-
sidered as the main bottleneck for Circular Economy transition as most literature claims. 
Some authors like Pheifer (2017) and Shahbazi et al. (2016) highlighted circular design 
as the major challenge when it comes to technical barriers for Circular Economy transi-
tion. Thus, technological advancement is not a major obstruction in the transition towards 
Circular Economy (Kirchherr et al., 2018).  
 
Nevertheless, it is important to offer multiple and different technologies that can help 
advancing and accelerating Circular Economy because technological innovation raise 
the chances of having a win-win situation for achieving a better environmental quality 
and economic growth (Jesus & Mendonça, 2018). The rise in number of developing and 
existing available technologies that facilitate remanufacturing, regeneration and resource 
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management is seen as a driver for easier Circular Economy adoption (Jesus & 
Mendonça, 2018). 
 
In the process of reviewing different industries and technology streams, the role of Cir-
cular Economy in the mining industry for an instance is unclear, for that reason, technol-
ogy development was reported as part of Circular Economy adoption in the mining in-
dustry with respect to the different solid materials, mine water and other waste streams 
(Kinnunen & Kaksonen, 2019).  
 
Furthermore, the role of digital technologies in the transition from linear model to a cir-
cular model is vital. Nevertheless, their maturity is still in dispute (Pagoropoulos et al., 
2017). However, higher recovery rates and potential better optimization are achievable 
through digital technologies (Reuter, 2016). As well as, linking manufacturing with digital 
technologies can improve material flow, inventory management optimization and com-
munication over the whole process with different networks and stakeholders (Srai, 
Kumar, Graham, & Phillips, 2016).  
 
Furthermore, information technologies are mature enough to be deployed on a large 
scale and support Circular Economy adoption (Lieder & Rashid, 2016). Moreover, digital 
technologies advance Circular Economy by supporting material tracking through taking 
advantage of the proper available information technologies and various data manage-
ment technologies, hence, closing the material loop (Pagoropoulos et al., 2017). 
 
However, Musango and Brent (2011) argues that the sustainable technology develop-
ment process is not autonomous and needs management to be achieved. That being 
said, many companies acquire losses in their revenues because they start manufacturing 
new innovation without assessing their technologies (Clausing & Holmes, 2010). There-
fore, assessing technologies is important and essential for deciding upon the benefits to 
be acquired by any technology. As argued by Mankins (2009) research and development 
departments should always consider formal technology assessment that can provide a 
consistent assessment besides the individual managers’ opinions and experience.  
 
Then, an effective technology management always addresses the technology assess-
ment as the most important component for its progress (Musango & Brent, 2011). There-
fore, in the next chapter technology assessment will be discussed and the current rela-
tion between Circular Economy and technology assessment. 
 
3.2 Circular Economy Technology Assessment 
For many companies, Innovative technologies are the main lead for growth; promising 
technologies encourage optimistic new-product business cases that seek converting the 
raw technology into profit (Clausing & Holmes, 2010). Also, the existence of a relevant 
technology to a certain application in place is a necessity for the transition towards Cir-
cular Economy (Kirchherr et al., 2018; Pheifer, 2017; Shahbazi et al., 2016). Therefore, 
companies are developing technologies that can achieve Circular Economy applications. 
18 
However, as discussed earlier, sustainable technology development is not autonomous 
and needs management. Therefore, technology assessment is important for an efficient 
technology development process.  
 
Technology assessment is one of the most important and essential fields of technology 
management (Tran & Daim, 2008). As argued by Mankins (2009) the assessment of 
technologies is an important component of the effective management of technologies 
and any innovative technologies should be tested under certain engineering and manu-
facturing conditions long before it is transferred to a commercial product.  
 
Therefore, technology assessment can create a competitive advantage for many com-
panies by reducing risks accompanied to the development process of the technologies, 
provide information that support decision making in defining the track of research and 
development, determine the technologies to be adopted and the ones to be improved, 
as well as, the capital expenditure on the new technologies (Henriksen, 1997). Further-
more, technology assessment is essential for predicting the unintended implications of 
new invented technologies (Musango et al., 2012). Measuring the stability of new tech-
nologies and ensuring that the ones too susceptible will not go in the downstream pipe 
can be done through the technology assessment (Clausing & Holmes, 2010). According 
to Banta (2015) technology assessment is seen as a policy for examining the short and 
long-term consequences of developing technologies.  
 
There are different quantitative technology assessment methods which were discussed 
by Clausing and Holmes (2010); Niero and Kalbar (2019); Rybicka et al. (2016). Some 
of the assessment tools are aimed at product level and others at technological level. 
However, according to Clausing & Holmes (2010) assessing technologies process de-
velopment has to be done through considering a quantitative measurement of certain 
criteria that can be defined into: 
 
1. Identifying all the failure modes of the developing technology 
2. Define all the Critical Technology Parameters (CTPs) that control the defined fail-
ure modes. The CTPs were divided into two types; control parameters and noise 
parameters 
3. Develop a new Latitude -operating window- where the new CTPs have been se-
lected in order to avoid the identified failure modes 
4. A conceptual design is produced while taking in consideration the new CTPs 
5. Manufacturing assessment for the new technology in order to realize if there is a 
need to develop manufacturing tools that can fit to the technology new features 
if there are any. Or maybe the technology can fit with the known and normal 
manufacturing 
6. Final Integrated technology model that overcomes all the failure modes and 
proves a satisfying performance under customer use conditions 
 
In addition, considering the peer reviews along with the mentioned above criteria assures 
the smooth integration of new technologies to manufacturing and then to society. How-
ever, the previously mentioned assessment criteria can be considered as generic criteria 
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that can apply to any technological development process and not necessarily to devel-
oping Circular Economy technologies. For the reason that, according to Sassanelli et al. 
(2019) there is a shortage in literature in the area of Circular Economy performance as-
sessment. In terms of the methodologies that is able to consistently assess all the vari-
ables in a circular system. However, the existing literature mainly focuses on measuring 
or assessing a specific aspect that is related to Circular Economy. Most of the relevant 
literature is covering only a quantitative assessment of the material flow in the whole 
system, or the environmental impact of Circular Economy technologies or in some occa-
sions covering the whole sustainability concept. Moreover, other literature focused on 
developing a quantitative tools that assess the industrial symbiosis of Circular Economy 
in certain industry like Wen and Meng (2015) or focused on developing a framework for 
assessing the complex value of recovered resources in Circular Economy context like 
Iacovidou et al. (2017) or focused on developing an assessment tool for the end of life 
product recovery strategies in Circular Economy like Brissaud (2019). 
 
Nevertheless, circular Economy assessment is usually carried out by offering a certain 
framework or approach from an already existing approach, frameworks or a combination 
of different approaches and frameworks (Sassanelli et al., 2019). Therefore, a sum-up 
to the most common assessment methods will be shown in the table below in relation to 
the number of literature they were discussed in. 
 
Table 2. An aggregate for performance assessment methods used in common existing 




































































Total 5 7 15 8 4 2 5 15 
 
 
As shown in the table above, in the existing literature, LCA is the most common method-
ology used in assessing Circular Economy performance in terms of the ultimate environ-
mental effects. Life cycle assessment is one of the common assessment methodologies 
for measuring the environmental sustainability of Circular Economy (Haupt & Hellweg, 
2019).  
 
Multi-criteria decision making (MCDM) is a discipline in its own right, which deals with 
decisions that include the best alternative choice among other potential candidates in a 
decision, the decision is usually based on several criteria that may be concrete or vague 
(Pavan & Todeschini, 2009).  
 
20 
Design for X or excellence, where X refers to using a proper methodology into optimizing 
a specific aspect of design (TL9000, 2013), it is a variable with many values which is 
commonly used in the industry (Luo & Hu, 2018), and mainly includes: 
 
 Design for performance 
 Design for reliability 
 Design for cost 
 Design for manufacturability 
 Design for assembly 
 Design for testing 
 Design for the environment 
 
There are different variables of design, however, in Circular Economy Design for Disas-
sembly (DFD was used as in the case of Akinade et al. (2017). In addition, another var-
iable that was discussed in Circular Economy was the Design for End-of-life (Lee, Lu, & 
Song, 2014). 
 
Data Envelopment Analysis is a non-parametric method that can be used to measure 
variables in a system and measure relative efficiency by comparing it with other produc-
tion scenarios that involve multiple inputs and outputs (Farrell, 1957; Sassanelli et al., 
2019). While Material Flow Analysis (MFA) is a quantitative method for deciding on the 
flow of energy and materials through economy and identify if the flow of materials is 
sustainable compared to the created environmental burden. The analysis is using differ-
ent material and economic information as an input/output data. It also covers the mass 
balance which accounts to that whatever entering the system is equal to whatever is 
leaving the system (Pincetl, 2012). Nevertheless, MFA is not commonly used in as-
sessing Circular Economy performance (Sassanelli et al., 2019). 
 
Emergy and Exergy (Em & Ex) as the two forms of Energy are representing the behavior 
of physical systems by the means of cumulative energy input/output methods that result 
in a double integration over space and time domains (Sciubba & Ulgiati, 2005). Emergy 
is considered the solar energy that is directly and indirectly needed for generating a flow 
or a storage. On the other hand, Exergy is a property of a system, it measures the utmost 
work that can be extracted for any system when it is going towards a thermodynamic 
equilibrium (Bastianoni & Marchettini, 1997). 
 
Discrete Event Simulation (DES) is a modeling approach that is commonly used in deci-
sion support tools for logistics and supply chain management (Seay & You, 2016). Also, 
a Discrete Event Simulation is one in which the current state of a model changes at a 
random and discrete set of time points which usually leads to logical complexity because 
of the occurred manipulation to the units order at a certain time point (Zhang & Zhang, 
2010). 
 
According to Sassanelli et al. (2019) most of the methods mentioned in the table before 
were paired with other methods into forming a collective framework for assessment. In 
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the table below, each method will be linked to the literature references were they were 
used for assessing Circular Economy performance. 
 
Table 3. Circular Economy assessment methodologies in literature. Adapted from 
Sassanelli et al. (2019). 
Method References 
DEA/I-O 
(Expósito & Velasco, 2018; Mardani, 
Zavadskas, Streimikiene, Jusoh, & 
Khoshnoudi, 2017; Motevali Haghighi, 
Torabi, & Ghasemi, 2016; Pagotto & 
Halog, 2016; Park, Egilmez, & Kucukvar, 
2016) 
DfX/GL 
(Akinade et al., 2017; Favi, Germani, Luzi, 
Mandolini, & Marconi, 2017; Grimaud, 
Perry, & Laratte, 2017; Issa, Pigosso, 
McAloone, & Rozenfeld, 2015; Lee et al., 
2014; Oliveira, França, & Rangel, 2018; 
Santini et al., 2010). 
LCA/LCI/LCIA 
(Angelis-Dimakis, Alexandratou, & 
Balzarini, 2016; Biganzoli, Rigamonti, & 
Grosso, 2018; Eastwood & Haapala, 
2015; Fregonara, Giordano, Ferrando, & 
Pattono, 2017; Gbededo, Liyanage, & 
Garza-Reyes, 2018; Grimaud et al., 2017; 
Hadzic, Voca, & Golubic, 2018; Huysman, 
De Schaepmeester, Ragaert, Dewulf, & 
De Meester, 2017; Jamali-Zghal, 
Lacarrière, & Le Corre, 2015; Laso et al., 
2018; Martin, Wetterlund, Hackl, 
Holmgren, & Peck, 2017; Park et al., 
2016; Petit, Sablayrolles, & Yannou-Le 
Bris, 2018). 
MCDM/fuzzy methods 
(Iakovou et al., 2009; Kazancoglu, 
Kazancoglu, & Sagnak, 2018; Ng & 
Martinez Hernandez, 2016; Olugu & 
Wong, 2012; Petit et al., 2018; Shen, 
Olfat, Govindan, Khodaverdi, & Diabat, 
2013; Wibowo & Grandhi, 2017; Xu, 
Zhang, Yeh, & Liu, 2018). 
Em, Ex 
(Huysman et al., 2017; Jamali-Zghal et 
al., 2015; Pan et al., 2016). 
Simulation/DES (Gbededo et al., 2018; Sénéchal, 2017). 
MFA/MCA/MFCA 
(Franklin-Johnson, Figge, & Canning, 
2016; Voskamp et al., 2017). 
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Other 
(Akanbi et al., 2018; Fregonara et al., 
2017). 
 
Though there are multiple circularity performance assessment approaches, yet, they are 
not commonly used in companies (Sassanelli et al., 2019). In addition, there is no explicit 
and obvious qualitative assessment tool or approach to the developing Circular Economy 
technologies in the existing literature. Such assessment that can identify technologies 
circularity strategy, sustainability impact and readiness. Therefore, the gap is clear in this 
area of research field. 
 
In any case, technology maturity and readiness is important for in assessing technolo-
gies. Therefore, Technology readiness level tool will be discussed in the next chapter as 
a common tool for assessing different technologies in their developing phase. 
3.3 Technology Readiness Levels 
TRLs are used in the qualification and assessment of technology proposals (Straub, 
2015). It is a framework that is used in different industries to provide a measure of tech-
nology maturity from basic idea to production and commercialization (Rybicka et al., 
2016).  
 
The TRL scale was created by Stand Sadin in the late 1970s in NASA as a tool that can 
systematically enables the assessment of a developing technology and the ability to 
compare between different technologies based on their maturity (Straub, 2015). Never-
theless, technology Readiness Level (TRL) scale was developed and completely 
emerged on multiple stages (Mankins, 2009). 
 
 
Figure 7. Retrospective to TRA. Adapted from Mankins (2009). 
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As shown in the figure above, the concept was early adopted by NASA and went through 
multiple development stages. The timeline that shows the historical background of TRL 
will be further discussed in the table below. 
 
Table 4. TRA history of development by Mankins (2009); Larsson, Culley and Larsson 
(2009); Straub (2015); Mankins (2002). 
Years Occurring events 
1960s-1970s  The idea of TRLs started in 1960 
 Idea clearly stated in a report describing the need of a tech-
nology readiness assessment tool in 1969 
 Initial TRL scale invented by Stan Sadin in the late 1970s 
and consisted of six or seven levels 
1980s-1990s  Seven levels scale was published in July 1989 
 TRL scale extended from six-seven levels to the nine levels 
scale commonly used today in 1989 
 ‘‘Mirror documents’’ were developed in NASA in the early-
to-mid 1990s to act as an integrating plan at using the TRL 
scale within the organization itself for managing its technol-
ogy programs as well as communicating with other organi-
zations 
 White paper ‘‘Technology readiness levels’’ that included a 
description to each technology level was published in 1995  
Early 2000s  DOD adopted the TRL scales from NASA 
 The TRL scale widely adopted in the world by different 
countries by 2005-2006 
 
 
The TRL has had a great positive impact towards technology readiness assessment, 
and since systems are relying more on continuous development of technology in all dis-
ciplines, then its impact will significantly increase in the future of technology and systems 
management (Mankins, 2009). 
 
Technology develops and matures through a series of stages, the TRLs identify these 
stages in nine levels where the lowest level is known as TRL 1 and the highest level is 
known as TRL 9 (Mitchell, 2007). The figure below illustrates the TRLs with its nine levels 





Figure 8. Overview of TRL definitions Adapted from Mankins (2009). 
 
 
A description for each technology level was stated by Kajikawa (2014); Larsson et al. 
(2009); Mankins (1995); Mitchell (2007); Straub (2015). Some literature use the same 
description presented by NASA, some other literature paraphrase it. However, overall 
most technology readiness level descriptions are the same. In any case, the technology 
readiness levels can be described as following: 
 
TRL 1: Basic Principles observed and reported 
The basic and fundamental scientific research can be easily described along with basic 
principles in the core properties of the technology can be reported. 
 
TRL 2: Concept or application formulated 
Practical applications for the research or the technology developed are identified. How-
ever, the applications might be speculative. It is shifting from basic research to applied 
research  
 
TRL 3: Concept or application demonstrated analytically and experimentally 
(needs validation and proof of concept) 
Active research and development is initiated in order to validate the applications, enable 
the concept and assure all the analytical predications. 
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TRL 4: Low fidelity prototype in a laboratory environment 
Where all the ‘pieces’ are integrated together creating a basic laboratory prototype which 
can address the intended application and solve the need required. 
 
TRL 5: High fidelity prototype in a relevant environment (components level) 
Where all the supporting elements and component-level applications are integrated with 
the developing basic technology and tested in an intended environment. 
 
TRL 6: High fidelity prototype demonstrated in simulated relevant environment 
(system/sub-system level) 
Representing an actual system/model application and demonstrating it through a high 
fidelity prototype that is tested in a designated environment. This level of maturation is 
usually triggered by the management confidence rather than the R&D requirements  
 
TRL 7: High fidelity system prototype demonstrated in operational environment 
An actual system demonstration in a similar expected operational environment in order 
to ensure fulfilling the need and the performance requirements. 
 
TRL 8: Full completed system is qualified to the application requirements and reg-
ulatory standards 
The final system and technology proved to work under the expected standards and con-
ditions. By this level there should not be any more system development. Nevertheless, 
a new technology can be integrated to the existing system. 
 
TRL 9: Fully mature and available system or technology is being launched and 
tested in a real operation 
Most technologies that succeed in actual systems qualify to TRL-9. However, the final 
small fixes will only occur when the system is deployed in an operation. The main differ-
ence between TRL-8 and TRL-9 is operations. Where TRL-8 represent a fully complete 
system that is ready to be used while TRL-9 is about launching or deploying the new 
system in real world operation. 
 
The technology readiness assessment objective is to qualify developing technologies to 
decision makers in a sense that the technologies are mature enough to be commercial-
ized (Clausing & Holmes, 2010). Moreover, the TRL definitions were mainly made to suit 
the aerospace industry within the flight readiness context (Larsson et al., 2009). How-
ever, many organizations worldwide have adopted the TRLs in the use of assessing their 
technologies where some have modified it in order to fit their own needs and others 
utilized it the same way it is (Straub, 2015). Moreover, modifications have taken place to 
NASA’s exiting model of TRLs in order to widen its purpose and suitability for different 
applications (Larsson et al., 2009). 
 
Despite the wide adoption of TRLs by various corporations, there had been many con-
cerns regarding the credibility of the TRLs as an assessment tool indicating technology 
advancement (Larsson et al., 2009). The TRLs was mainly developed to assess the ma-
turity of NASA’s hardware technologies. Furthermore, according to Larsson et al. (2009) 
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many sources have expressed the difficulties in applying the TRLs to assess the readi-
ness and maturity of software based technologies. 
 
The TRLs fails at reflecting the technology lifecycle nor the product lifecycles which con-
tradicts to the concept of lifecycle management in a way that it does not explain what 
happens with the readiness if the technology become more mature (Larsson et al., 2009). 
Hence, the TRLs can assess technologies in the initial process of research and devel-
opment and fails to assess the same technologies in the case of any future develop-
ments. Furthermore, the TRLs fails at providing a justification behind the uncertainty of 
any future maturation or development of the assessed technology (Mankins, 2002). 
 
Moreover, In the case of a software that is frequently upgraded, refined or modified, the 
TRL would remain at the same level regardless of the new state of the software. Hence,  
‘ageing’ was identified and considered as an issue (Larsson et al., 2009). In the case of 
multiple subsystems assessment or multiple technologies, it is hard to assess their tech-
nology maturity together, hence, decide the right level of their readiness (Mankins, 2009) 
or understand how individual technologies affect the whole system (Larsson et al., 2009). 
 
TRLs does not show the riskiness of a new technology nor the research and develop-
ment uncertainty which requires other tools that can help assess the risk associated with 
the technology under assessment (Mankins, 2009). Moreover, it does not assess the 
criticality of the technology, what can be substituted and what is irreplaceable (Larsson 
et al., 2009). Furthermore, The TRLs is based on a yes/no assessment which is seen as 
a subjective measure in commercial entities due to the lack of quantitative measurement 
(Clausing & Holmes, 2010). 
 
Eventually, the Research and Development Degree of Difficulty is seen to be used as a 
complementary tool with the TRLs in order to overcome the uncertainty challenge in de-
veloping a new technology (Mankins, 2002, 2009; Straub, 2015). Moreover, in order to 
capture further developments and technologies diversification challenge, Larsson, Culley 
and Larsson (2009) have developed an extended TRL that can cover any technology 




4. RESEARCH METHODOLOGY 
This research focuses on the assessment and evaluation of developing Circular Econ-
omy technologies. Accordingly, the first research question is: 
 What is the criteria for assessing developing and sustainable Circular Economy 
technologies? 
 
Where the aim is to understand what kind of aspects do researchers and technology 
developers consider while assessing their Circular Economy technologies in particular. 
Then discuss their view on the developed framework from literature on assessing Circu-
lar Economy technologies and demonstrate their ideas over how far their technology/ies 
are developed using technology readiness level. As well as, understand if those technol-
ogies operationalize other essential concepts as sustainability which makes the sustain-
able and which circular strategy they follow. Thus, there are two sub-questions to the 
first research question which are: 
 How the technology advances Circular Economy and sustainability? 
 How ready is the technology? 
 
Upon the answers to those sub-questions, the ability to analyze the data gathered and 
identify what is the criteria used by different technology developers in assessing their 
Circular Economy technologies, also, to conclude if this criteria does change based on 
the scientific field they are interested in or if there are any common findings across dif-
ferent scientific fields.  
 
However, conducting this study required mapping Circular Economy technologies from 
different research fields while assessing their maturity and sustainability impact. To fur-
ther elaborate, this thesis is aiming at realizing the technology streams that accelerates 
Circular Economy and advances resources efficiency. For this reason, the second re-
search question is: 
 What are the technology catalysts that accelerate Circular Economy transition? 
 
Though, due to the wide range and variety of technologies, the study will be selecting 
researchers who are actively contributing and developing technologies in the field of Cir-
cular Economy across different industries. Hence, mapping Circular Economy technolo-
gies developed or undergoing development. In the next chapter, the design of this re-
search will be discussed to explain how the study was conducted. 
4.1 Research Design 
This study is conducted as an exploratory study to answer the research questions effec-
tively. According to Saunders, Lewis, and Adrian (2009) exploratory studies are valuable 
for seeking new insights, finding out what happens and assess a certain phenomenon. 
As discussed earlier, this research focuses on mapping Circular Economy technologies 
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while assessing their circularity, maturity and impact on sustainability. Then, come up 
with common assessment criteria for developing and sustainable Circular Economy tech-
nologies. Moreover, study the relationship between the Circular Economy technologies’ 
impact on sustainability presented and discussed in literature with the actual impact pro-
vided by the technologies developed, which justify the choice of exploratory approach in 
addressing this study. The nature of this research is explorative and the goal is to fill in 
the gap introduced in literature, as well as, investigate the presented literature that ar-
gues the poor inclusion of social dimension in Circular Economy technologies and try to 
introduce the reasons behind it.  
 
The best practice for reaching the previously mentioned goal is to identify various tech-
nologies from different scientific fields and backgrounds, aiming at detecting common 
findings while covering wide spectrum of technologies. Hence, this type of practice re-
quires case study research which is effective at finding more information through ana-
lyzing existing technologies in Circular Economy context. Saunders, Lewis, & Adrian 
(2009) argue that case study strategy can be a very worthwhile way of exploring existing 
theory. In addition, a well-constructed case study strategy can enable you to challenge 
an existing theory and also provide a source of new research questions. Also, Morris and 
Wood (1991) argue that the case study strategy is effective at helping the practitioner 
conducting the study for gaining better understanding of the context of the study. More-
over, Saunders, Lewis, and Adrian (2009); Yin (2014) discuss that case study strategy 
most often used in exploratory research which is evident that case study strategy was 
convenient choice for conducting this research. 
 
Furthermore, the research was conducted with 7 cases as a multiple case study to facil-
itate a cross-analysis among the cases and reduce vulnerability. Yin (2014) argues that 
multiple case study are preferable than single case study. Hence, the ability of looking 
for common findings within the cases and generalizing it. According to Saunders, Lewis, 
and Adrian (2009) literature search and interviewing experts on the topic are considered 
as principal ways of conducting exploratory research. In this study, a search of literature 
on the topic is conducted as well as experts’ interviews.  
 
In the next chapter, a developed framework will be discussed. The aim is to use the 
framework developed in reviewing the cases studied holistically which will be discussed 
further next.  
4.2 Developed Framework for Assessment 
The purpose of this chapter is to integrate all the tools, strategies and concepts dis-
cussed in the literature before in a one connected framework that can be used as an 
overall view to the technologies mapped in regards to their application and circularity, 
their impact on sustainability and last, their maturity. The integrated framework consists 
of: 
1. The 9R strategies 
2. The 3 dimensions of sustainability 
3. Technology readiness levels assessment tool 
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First the R strategies discussed in literature of chapter 2 will be used to identify the 
mapped technologies application and range of circularity as shown in the figure below, 



























Figure 9. 9R strategies to assess technologies circularity. 
 
 
Second, analyzing the technology impact on general sustainability required assessing 
its impact on each separate dimension. Hence, understand if it contributes to the three 
dimensions collectively or it lacks one of the dimensions as discussed in literature of 
chapter 2. The three dimensions are shown in the next figure, the area numbered 1 and 
2 are used to show later if the mapped technology is contributing to all the three dimen-








Figure 10. The 3 Dimensions to assess technologies sustainability. 
 
As shown in the figure above, if the technology is located in area number 1, that means 
it contributes only to the environmental and the economical dimensions. While if it is 
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located in area number 2, then it impacts the three dimensions, hence, the overall sus-
tainability.  
 
Last, identifying the technology maturity using the technology readiness level tool dis-
cussed in literature in chapter 3 and shown in the figure below. There is a set of struc-
tured yes/no questions for each level that aim at ensuring the fulfilment of all the require-
ments of the readiness level of the mapped technology as claimed by the developer. The 
questions to be located in the data analysis section 4.5 of this study. 
 
Figure 11. TRL tool to assess technologies readiness. 
 
Therefore, the R strategies along with the sustainability concept and technology readi-
ness level tool can be grouped together in one framework that can give a holistic view to 
the technologies mapped as an overview to different stakeholders, decision and policy 






































Figure 12.  Collective tools to be used as a framework for assessing developing CE 
technologies. 
 
As shown in the figure above, the framework will be used as a grouped tool for analyzing 
the mapped technology to identify its application, sustainability role and readiness level. 
The framework also contributes to the first research question of the convenient criteria 
for assessing developing Circular Economy technologies, which in the case of the devel-
oped framework shown above is solely based on literature. 
4.3 Case Selection 
This research objective is to map Circular Economy technologies, while provide an as-
sessment criteria that can holistically assess developing Circular Economy technologies. 
Also, present technology catalysts that are enabling and accelerating Circular Economy. 
Hence, fulfilling the objective and the research questions requires identifying experts in 
different scientific fields with the knowledge that focus on technology development in the 
area of Circular Economy. The selected experts’/researchers’ technologies will act as 
selected cases for this study. In other words, each technology mapped will act as a case 
study developed by a researcher and by selecting multiple cases, then multiple technol-
ogies to be mapped, assessed and analyzed. 
 
In order to be able to meet this research objective and to answer the research questions 
as well, purposive sampling method will be used to select cases for further analysis. 
Moreover, the cases selected will serve the qualitative nature of the research where the 
purpose is to collect valuable information and better insight to the research conducted. 
According to Saunders et al. (2009) purposive sampling is mostly used in the case study 
research when the intention is to select cases that are informative. Furthermore, the aim 
is to select different cases that cover wide range of technologies backgrounds to be able 
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to have various assessment criteria to the technologies developed as well as new inputs 
and insights for further improvement to the framework developed used in analyzing the 
cases. Hence, the strategy to be followed in purposive sampling will be heterogeneous 
or maximum variation sampling. According to Patton (2002) having a small sample of 
different cases may create variation that is considered a strength for the diverse charac-
teristics of cases, which will allow the researcher for detecting any patterns that are likely 
to be of value and interest. 
 
The process of purposive sampling was conducted as following, an initial search for Cir-
cular Economy technology developers and researchers was carried out where the infor-
mation collected was about their role, their study field, latest Circular Economy activities 
and technologies undergoing development. Then grouping them where researchers and 
technology developers with the same scientific background are allocated together. Last, 
a criteria of selection among each group was based on the one or two researchers with 
the most experience in the field of Circular Economy, their area of specialization and that 
their latest publications was mainly about developing Circular Economy technologies. 
Hence, selecting one or two researchers from each group as cases to be analyzed as 
shown in the table below. 
 






Material Science and Envi-
ronmental Engineering 
Senior Research Fellow. Member of Re-
search Group: Paper Converting and 
Packaging 
Essi Sarlin Material Science and Envi-
ronmental Engineering 
Academy Postdoctoral researcher.  Mem-




Material Science and Envi-
ronmental Engineering 
Assistant Professor (tenure track).  Mem-




Material Science and Envi-
ronmental Engineering 
Assistant Professor (tenure track).  Mem-




Material Science and Envi-
ronmental Engineering 
Senior Research Fellow. Member of Re-
search Group: Surface Engineering 
Pirjo Kuula Civil Engineering Project Manager, Civil Engineering. Mem-




Architecture Senior Research Fellow. Member of Re-




Architecture Professor of Architectural and Urban Re-
search (Alvar Aalto Chair) at TUNI 
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Minna Lanz Automation Technology 
and Mechanical Engineer-
ing 
Professor, member of Research group: 









Medicine and Health 
Technology 
Head of Research Group BioMediTech. 
Member of research group: Sensor Tech-
nology and Bio measurements (STB) and 
research group: Nanoscale Phenomena 
and Measurements (NPM) 
 
 
The table above showed the potential researchers, their background and roles within 
Tampere University and in some cases outside the University as well. The bolded 
names as shown in the table above represent the selected researchers for interviewing 
and for the purpose of using their developed technologies as cases for this study. Final 
case selection included technologies that covered the following technology streams 
shown in the table below along with the researchers that contributed with their knowledge 
and experience to each technology stream. 
 
Table 6. List of the grouped technology streams and their corresponding developer 
Technology stream Researcher(s) 
Bio-Technologies Aino-Maija Lakaniemi 
Manufacturing Technologies Suraj Panicker, Jari Tuominen 
Construction Technologies Satu Huuhka 
Digital Technologies Suraj Panicker 
Material Science Essi Sarlin 
  
 
The previous mentioned technology streams are seen to cover the wide range of tech-
nologies developed by the selected researchers. Also, enable the author to evaluate and 
analyze the data collected to better serve the objective of this study. Moreover, as shown 
in the table above, some researchers are able to cover multiple technology streams as 
in the case of manufacturing technologies. 
4.4 Data Gathering 
Scientific research requires certain defined methods in order to gain a better deeper un-
derstanding and knowledge of a certain research topic. However, some methods are 
found to be common and applicable to different research topics. According to Yin (2013) 
case studies allow the researchers to use multiple research methods, both qualitative 
and quantitative in order to generate more data and information. Furthermore, multiple 
case studies approach used in conducting the research has the purpose of comparing 
the cases that are included (Bryman & Bell, 2015). Moreover, it allows the researcher to 
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compare the findings from each of the cases. Hence, explore what is common among all 
the cases and what is unique or different.  
 
Furthermore, the use of the combination of both qualitative methods and quantitative 
methods or each of them separately is beneficial for generating more information and 
data. According to Gummesson (1993) there are five different qualitative research meth-
ods that are considered to be the most practically used for data gathering in order to 
support scientific research. 
 
 Existing material 
 Questionnaires 
 Qualitative interviews 
 Observation 
 Action science 
 
First, existing materials refer to all kind of information that was collected and generated 
by someone else and it resides in books, journals, articles or any kind of publications. 
Second, questionnaires are used to gather qualitative and quantitative information. 
Questionnaires are considered as a direct data gathering method where a set of prede-
fined questions are required to be filled out by any participant. Third, qualitative inter-
views are one of the most common methods of data gathering. Interviewing people to 
gather more accurate information, on the contrary to questionnaires, is freer to formulate 
questions during interviews. Fourth, observation is the method of observing a certain 
human behavior or phenomena in order to generate data that may not be possible and 
easily expressed in words. Last, action research which is the most challenging since it 
can contain all the research methods mentioned before. However, it requires a big in-
volvement from the researcher to become as a change agent affecting the research tak-
ing place. Furthermore, there are pros and cons for each research method used. Hence, 
researchers have to consider the method or the few methods that they will use during 
their research in order to obtain the best quality of information for their study. 
 
This research is conducted as a multiple case study and it has a qualitative nature, then 
qualitative interviews method was chosen to be the primary source of data. In qualitative 
research, the interview is considered to be the most widely used method (Gill, Stewart, 
Treasure, & Chadwick, 2008; Saunders et al., 2009). Furthermore, qualitative interviews 
has a less structured approach compared to quantitative research, more interest in the 
interviewee’s point of view and it encourages the interviewee at sharing their knowledge 
and experiences (Bryman & Bell, 2015; Gill et al., 2008). There are several types of 
interviews but in qualitative research there are two main types that are relevant and com-
monly used; unstructured interviews and semi-structured interviews (Bryman & Bell, 
2015). In this research, the author chose semi-structured interviews approach for con-
ducting the research. In semi-structured interviews, the interviewer has an interview 
guide with a set of certain questions that covers the topic researched. The interview may 
not follow the structure designed in the interview guide and the interviewer can be flexible 
to ask questions by picking up on things said by the interviewees (Bryman & Bell, 2015; 
Patton, 2002). However, all the questions included in the interview guide should be asked 
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one way or the other for enabling cross-case comparison. In the case of doing multiple 
case study research a semi-structured interviewing is preferred to ensure cross-case 
comparability (Yin, 2014). The interview guide had a mix of different kind of questions. 
According to Bryman and Bell (2015) there are 9 different kinds of questions, introducing, 
follow-up, probing, specifying, direct, indirect, structuring, silence and interpreting ques-
tions. Almost all of them were used in this study. However, there was a main focus on 
probing and interpreting questions as shown in the appendix.  
 
Moreover, the questions were designed according to the thesis objective and research 
questions, later improved after the supervisor review and feedback. All the interviewees 
received an e-mail that discusses what the interview will be revolved around, with some 
generic notes to help them form some ideas and thoughts about the topics to be dis-
cussed during the interview. In order to increase the credibility over the findings con-
cluded, the study combined primary and secondary data. Secondary data was collected 
from existing literature on Circular Economy technologies and their contribution towards 
sustainability as well as how they are assessed in terms of technology readiness. The 
data gathered from literature was generic, collected from articles published in various 
journal and were used as a reference to validate the findings in this study. In addition to 
the secondary data, the semi-structured interviews were used as a primary source of 
data to be used in this study and it was collected between June – September. Altogether, 
6 qualitative interviews were held with technology developers, all interviews took place 
face to face at the interviewee’s offices. The whole interview discussion was recorded 
with the interviewee’s consent and similar questions were asked to all the interviewees. 
In the table below, the interviewee name, date and duration of interview are listed. 
 
Table 7. List of interviewees, their interview date and duration 
Interviewee Date Duration 
Jari Tuominen 12.06.2019 55 minutes 
Suraj Panicker 19.06.2019 58 minutes 
Aino-Maija Lakaniami 26.06.2019 69 minutes 
Essi Sarlin 01.07.2019 95 minutes 
Satu Huuhka 23.07.2019 104 minutes 
 
 
According to Saunders et al. (2009) collecting qualitative data from conducted interviews 
is beneficial, many recommended conducting more interviews as long as the additional 
data collected is providing new insights. However, at any instance if the data collected 
brings few insight and there become obvious data saturation then it is considered suffi-
cient amount of interviews. 
 
4.5 Data Analysis 
The qualitative data gathered from different cases through the interviews was analyzed 
on multiple phases. The framework developed to review the technologies mapped will 
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be used to analyze holistically the data into a collective final results and will allow a cross-
sectional analysis as discussed later in this chapter. The framework as shown in Figure 
12 consists of the R strategies model that measure the technologies circularity, followed 
by the three dimensions of sustainability figure, and last the Technology Readiness Level 
tool that assess the technologies maturity. 
 
The identification of the technologies application and circularity level will be concluded 
through the R strategies model. The R strategies model was identified as an integrative 
model to almost all the Circular Economy applications and can measure the circularity of 
the technologies developed and show how far or close the technologies are to Linear or 
Circular Economy. The collected data from the interview transcriptions guided into iden-
tifying the different cases application and level of circularity. 
 
Then, the three dimensions model of sustainability is used for analyzing the technologies 
impact on sustainability from three different perspectives. The analysis of the technolo-
gies impact on each dimension is essential for determining if the technology developed 
contributes to the three dimensions altogether and then operationalize the concept of 
sustainability, or the technology is contributing partially to the concept of sustainability 
by not having a positive impact on all the three dimensions. The aim of analyzing the 
technologies mapped using this model is to allocate them in the area 1 or 2 as shown in 
the figure. Hence, understand clearly where the technology is placed in regards to sus-
tainability. The allocation process is mainly based on the interview transcriptions, the 
author interpretation and proper understanding of the concept, unless the technology 
developer gave clear and obvious evidence on each dimension which can be validates 
through the interview transcriptions. 
 
Last, the Technology Readiness Level tool used for analyzing the technologies mapped 
readiness based on 9 levels. The analysis of technology using this tool aims at identifying 
the technology stage of maturity, whether it is at an early immature stage of development 
or it is already developed, mature and available for commercialization. The collected data 
was used to allocate the mapped technologies to a specific level or multiple levels based 
on the case in analysis. The validation of the readiness level was determined by a further 
qualitative yes/no questions that aimed at ensuring that the technology developer esti-
mation of their technology readiness is fair and accurate as shown in the table below. 
Furthermore, interview transcriptions were used as a double check on all the answers 
gathered from the interviewees.  
 
Table 8. Qualitative questions for validating the TRL of each technology. Derived from 
Mitchell (2007). 
TRL Questions associated 
1 
- What is the fundamental concept or motivation behind the technology 
developed? 
- Are the basic principles identified, can you describe them? 
2 
- What are the practical application(s) for this technology ‘this can be 
speculative’? 
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- How those applications utilize the basic principles? 
- What makes this application(s) interesting to anyone? 
3 
- Is there any proof of concept to the key component(s) of the intended 
application(s)? 
- Needs validation achieved (in terms of circularity)? 
4 
- Is there a low fidelity prototype tested in a lab environment (alpha)? 
- Did it prove to solve the need or the problem? 
5 
- Is there a high fidelity prototype tested in a relevant environment 
(beta)? 
- What is the relevant environment, what is the type of end-customer? 
I.e. (Individual, company, community, etc.) 
- Is there collaboration between the end customer and the technology 
developer for defining all the functional and performance require-
ments? 
6 
- Is there a high fidelity prototype demonstrated in simulated relevant 
environment? 
- Does the prototype meet all the agreed upon requirements in TRL5 
and has a consistent performance? 
7 
- Has the prototype been integrated in an operational environment -
Customer’s operational platform- 
- Has the prototype integration and operation process been considered 
as a success from the customer point of view? 
8 
- Has the system or component (s) development been completed? 
- Did the final system or component(s) qualified/fulfilled the application 
requirements? 
- Did the final system adhere to the regulatory standards? 
- Is there any other technology that may be integrated to the complete 
system? 
9 
- Did the system or component(s) operate in a real world operation suc-
cessfully? 
- Is there any minor fixes or changes to take place? 
 
 
Then, the in-depth analysis occurs for each case as discussed previously in order to 
answer both research question following the developed framework and serve the explor-
atory approach for this study. On the other hand, an overall analysis is done by the au-
thor, the aim is to compare the cases and conduct a cross-sectional analysis to identify 
the common findings or the unique ones through the data collected from the interviews. 
The analysis is done from two different perspectives. First, on a deeper level that is from 
the mapped technologies perspective. Second, from more of a generic level that is from 
the technology stream perspective. This analysis will open up new thoughts and ideas in 
regards to the answers of both research questions and add up a new direction especially 
to the first research question related to the criteria of assessing Circular Economy tech-
nologies which will serve the exploratory approach of this study.  
38 
5. MAPPED TECHNOLOGIES 
This section of the research is divided based on the grouping made for selecting re-
searchers and cases. Hence, the following division of technology streams was con-
cluded: 
 Bio-economy technologies 
 Manufacturing technologies 
 Construction technologies 
 Digital technologies 
 Material Science technologies 
 
In this chapter, the mapped technologies, their description, circularity, readiness and 
sustainability impact are discussed. Most of the information presented in this chapter is 
based on the transcriptions of the conducted interviews. 
5.1 Bio-Technologies 
5.1.1 Waste Treatment with Microalgae 
5.1.1.1 Description 
A biological process where the purpose is utilizing photosynthetic microorganisms –mi-
croalgae- to either produce energy and/or recover resources from waste streams such 
as nutrients from waste waters or carbon dioxide from flue gases. The algae utilize light 
for growth and convert the carbon dioxide and nutrients into biomass, which can be fur-
ther converted to usable products 
 
In the case of flue gas treatment, microalgae can be integrated in a coal combustion 
power plant or in a pulp mill to take up the carbon dioxide, reuse it and utilize it for mi-
croalgal biomass production. However, microalgae require nutrients for growth, and 
therefore the same operational environment should also have some sort of a waste 
stream that contains nitrogen and phosphorus to enable efficient and sustainable micro-
algal process. The produced microalgal biomass could be used e.g. in generation of 
biofuels and biochemicals. Furthermore, in the case of the streams that are fed into the 
system are very clean, then, pharmaceuticals or human food supplement can be pro-
duced. 
 
The development is still needed in the cultivation systems and how to make them energy 
and cost efficient. The current status is that it is technologically possible and it is com-
mercially applied in production of certain human food supplements and high value cos-
metic products. However, when it comes to a different or new non-commercialized algal 
species for a certain process, then it is about making the cultivation system suitable for 
that microalgal species and make it cost efficient since different algae species have dif-
ferent requirements for the conditions in which they grow. As an example, for large scale 
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recovery of carbon dioxide or treatment of waste water the targeted product should be a 
high quantity commodity like biofuel, which generally have relatively low price. Biofuels 
are not produced from microalgae at the moment due to the very low price of fossil fuels. 
Hence, the cultivation systems need further development to become cheaper in regards 
for these low value products. 
 
The cultivation systems have two main types; open systems such as raceway ponds and 
closed/semi closed systems known as photobioreactors. For the open systems they are 
considered as easy technology that is cheaper to build and relatively easy to operate. 
However, for the photobioreactors they are partly available technologies and commer-
cially used by some facilities. Nevertheless, neither cultivation system is applicable to all 
microalgal species which then leaves a space for improvements in efficiency and system 
development to fit different algae species. The whole cultivation process needs to be 
carefully designed separately for each species and with the target product in mind. 
 
5.1.1.2 How the technology advances Circular Economy? 
The carbon dioxide released from flue gases as an exhaust of coal or wood combustion 
or pulp and paper mills can be utilized and used again as carbon source for the microal-
gae. While the nutrients like phosphorus and nitrogen can be obtained from a waste 
streams like waste waters from pulp and paper mill. Therefore, the technology advances 
Circular Economy by applying the reuse strategy, where nutrients and carbon are re-
used. 
 
According to the developer: 
 
‘’Currently there are very efficient wastewater treatment processes already in use. 
However, the many currently used process involve removing nitrogen from the 
water in the form of N2 gas and releasing it to the atmosphere which makes the 
water clean but does not enable recovery of nitrogen in a usable form. Instead 
nitrogen is turned into a very strong chemical and a lot of energy is required to get 
it back in a form that could be used as a fertilizer. Therefore, there is a huge 
amount of fossil fuels consumed for the production of fertilizers. Thus, the aim 
from the technology is to develop processes where nitrogen would be recovered 
in a form that already can be used as a fertilizer’’ (A, Lakaniami, interview, June 
26, 2019). 
 
5.1.1.3 How the technology advances sustainability? 
From environmental perspective, optimizing the cultivation conditions are required for 
having an environmentally sustainable system, making it energy efficient as well is es-
sential for making it environmentally sustainable.  
 
‘’Well you also really need to think about the whole lifecycle of the process. As a 
microbiologist one might just like to optimize the cultivation conditions to make 
them as good as possible for the microalgae, but you probably would spend so 
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much energy that it wouldn’t actually be environmentally beneficial anymore. It 
would be actually worse than not treating the water at all. So you really need to 
consider all the pieces of the puzzle to make it environmentally sustainable and 
to promote circular economy and sustainability’’ (A, Lakaniami, interview, June 
26, 2019). 
 
Moreover, the lower consumption of fossil fuels and the reuse of carbon dioxide will have 
positive contribution towards reducing the effects of climate change. Therefore, the tech-
nology has a positive impact towards the environmental dimension of sustainability. 
 
From a social aspect it is expected to bring jobs, at least at the beginning since the 
processes of optimizing and operating the cultivation systems are challenging as well as 
the knowledge behind microbiology that makes educated personnel needed. Maybe the 
jobs will decrease in the future when the overall process is automated. Also, the outcome 
is a clean water which is good for the human health and the environment.  
 
‘’Well it can bring more jobs and it's cleans the waters so it's very good for the 
human health. Also, probably the processes are so difficult to optimize and oper-
ate that you would need educated personnel to do that. So it cannot be just a 
farmer from somewhere operating the system. They would need to know a little 
bit about microbiology’’ (A, Lakaniami, interview, June 26, 2019). 
 
From economical perspective, there is a lot of improvements to be done in the process 
but treating waste waters very efficiently so nutrients are not released to the environment 
are very beneficial for the human health which most probably will generate a social ac-
ceptance and better economics since remediation is always expensive. 
 
‘’If you are treating waste waters very efficiently so you're not releasing nutrients 
to the environment. Then that's good for human health and also probably for the 
social acceptance and also for the economics because the remediation is always 
expensive. So if you treat wastes and recover resources at the same time, then 
that's likely socially and economically a good thing’’ (A, Lakaniami, interview, June 
26, 2019). 
 
5.1.1.4 How ready is the technology? 
This technology is mainly dependent on the application. There is no ready-made solution 
for all the applications, based on what kind of carbon dioxide source, what kind of waste 
water and the surrounding environmental conditions as the weather. Also, the type of 
microalgal species to be used along with the cultivating systems to have. 
 
‘’So whether you are in Finland or in Australia it determines what kind of microal-
gae species you can use and what kind of cultivating systems you should have. 
So in Finland you understand that during the winter, you cannot operate with an 
open pond because that will be frozen. So the microalgae would not do anything 
for more than half of the year. Whereas in Australia they probably could use an 
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open pond because of the different weather conditions’’ (A, Lakaniami, interview, 
June 26, 2019). 
 
However, the cultivation of algae of a high value products is fully mature technology and 
is commercially used but not in the case where nutrients are obtained from waste water 
and carbon dioxide from flue gases and the aim is a circular system. Regardless, in the 
latter case the technology is approximately at TRL 4. 
 




































Figure 13. Waste treatment with microalgae assessment overview. 
 
This technology is about carbon and nutrients reuse which reflects the level of circularity 
of the technology as represented in the figure above. At the moment, the technology 
aims at optimizing the whole cultivation processes and makes it energy efficient to en-
sure a positive impact on the environmental dimension. Furthermore, this technology 
requires experienced personnel which are expected to bring more jobs especially at the 
early stage of implementation, but those jobs are expected to decrease after automating 
the whole process. Hence, it not evident that the technology is contributing towards the 
social dimension on a long term. Moreover, the technology is seen to have better eco-
nomics compared to other approaches like remediation which is known to be expensive, 
therefore, the technology is positively impacting the economic dimension of sustainabil-
ity. 
 
At the moment, the technology appears to impact the three dimensions of sustainability, 
however, considering the inclination of offered job opportunities that may occur in the 
future because of process automation eliminates its sustainable social impact. There-
fore, it is only impacting two dimensions of sustainability as shown in the figure above by 
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being placed in area numbered 1 contributing only to the environmental and economic 
dimensions.  
 
Last, the technology readiness assessment tool shows that this technology is at technol-
ogy readiness level four where the technology basic principles are reported, practical 
applications are identified, proof of concept existed and a prototype is tested in the lab. 
5.1.2 Biological Metal Recovery 
5.1.2.1 Description 
Extraction of metals like transition and rare earth metals from low grade ores, industrial 
wastes and end-of-life products such as waste electronics and spent catalysts using mi-
croorganisms. The whole process is considered as an alternative to traditional mining. 
Hence, substituting currently existing processes of mining by utilizing different microbes 
that produce acidic compounds used in recovering metals and at the same time, thinking 
of similar systems that would be used in this approach for metal recycling. 
 
Moreover, mines are environmentally very harmful, then instead of making a new mine 
to extract certain metals, recycling existing materials that contains the needed metals 
would be environmentally beneficial and energy efficient compared to traditional mining. 
Recovering gold for instance, in one ton of gold mineral there can only be ten grams of 
gold which is a very small ratio compared to what is mined. Then, making a huge hole in 
the ground and bringing a lot of rock where only a very small percentage of it is retrieved 
as gold while consuming a huge amount of energy is not environmentally the best prac-
tice or procedure. Furthermore, the lower the amount of metal in the rock the more en-
ergy consumed in recovering that metal. Moreover, using very traditional processes for 
recovering metals like pyrometallurgy can be very harmful to the environment because 
of using very high temperatures to recover the metals which needs a lot of energy and 
produces a lot of gaseous waste streams as well. 
 
Nevertheless, using this new approach of biological metal recovery technology from 
waste and side streams will have an environmental negative impact, yet, it is considered 
environmentally better compared to traditional mining because of the use of base mate-
rials from which the metals are recycled, as well as, using microbes, which can cause 
less environmental harm compared to traditional mining. Hence, the technology is trying 
to recover metals through a new approach that has less environmental harm compared 
to traditional mining. 
 
5.1.2.2 How the technology advances Circular Economy? 
Recycling of transition and rare earth metals from industrial waste materials using micro-
organisms -biotechnology- in recovering metals. Hence, less need for extracting virgin 
resources and recovering the already used metals from old industrial waste, therefore, 
better management of natural resources. 
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5.1.2.3 How the technology advances Sustainability? 
Addressing the environmental perspective, the technology is considered to be less harm-
ful than the traditional mining. The ability to biologically recover metals from waste and 
side stream has a clear positive impact to the environment.  
 
From the economical perspective, recovering metals from industrial waste is not eco-
nomical at the moment in all cases since it needs case-specific development before it 
can become economically viable. However, if the processes are developed enough to 
recycle critical elements like rare earth elements. Then it is supposed to be economically 
better than recovering metals from ore deposits. Furthermore, there is no rationale be-
hind the global metal prices and how the metal prices change. In a sense that the metal 
prices at some time increase and then suddenly decrease again. In this case when using 
waste materials the strategy of overcoming this issue to focus on recovering several 
different metals. Then, if the price of one metal is decreasing and the price of another 
metal is increasing then it can at least partly balance the losses from the first metal. 
However, in a mine that is not always possible, if the mine ore contains nickel, then it is 
the only available metal and in the case of nickel price decreasing, then there is nothing 
that can compensate the losses. 
 
‘’In the case when you use waste materials, you kind of shelter yourself from this 
issue a little bit that you focus on recovering on many different metals. So then if 
the price of one metal is going down hopefully the price of the other metal is not. 
But in a mine you cannot do that. So if you have only nickel in your ore, you just 
have nickel in your ore and when the nickel price is going down it's not good for 
your mine’’ (A, Lakaniami, interview, June 26, 2019). 
 
From social perspective, the technology developers argue that the technology contrib-
utes towards environmental improvement because of the availability of rare metals to the 
future generations, which should drive social satisfaction. Also, generate jobs in metal 
recycling, hence, social benefits. On the other hand, traditional mining generates a lot of 
jobs for the mine itself, the ore refining and all the other sorts of processes. Therefore, 
this technology will probably less labor intensive when recycling metals. Though nowa-
days almost all processes are automated but still it will probably be less labor intensive 
compared to traditional mining. 
 
‘’So this would be probably less labor intensive if you recycle metals because you 
wouldn't need these people going below ground and bringing the rock up. Of 
course that's also nowadays very much automated but still it probably would be 
less labor intensive compared to traditional mining’’ (A, Lakaniami, interview, June 
26, 2019). 
 
5.1.2.4 How ready is the technology? 
The technology is still at its early stage of development. Moreover, it is important to iden-
tify how much of certain metal you have in waste material and how much of it can actually 
be extracted. In most cases, it is not 100 percent but even if it reaches up to 90 percent 
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then it is considered an acceptable percentage. However, currently, in many of the re-
search projects it reaches up to 20 percent which is not an economically acceptable 
percentage yet. 
 
Most of the technology basic principles are clear but there is some knowledge gap still 
in the basic principles. Hence, the technology is considered to be at TRL2 or TRL3 de-
pending on the waste material.  
 




































Figure 14. Biological metal recovery assessment overview. 
 
This technology appears at an early stage of circularity, represented in the recycling of 
metals from waste industrial devices. Moreover, the technology does not provide an ev-
ident prove on its economical contribution yet. As mentioned earlier a lot of development 
in the processes is needed to become economically viable. However, it shows a future 
economic potential compared to mines when it comes to the price fluctuations of metals.  
 
Furthermore, the technology has a clear environmental positive impact when compared 
to traditional mining, lower energy consumption then lower carbon footprint and better 
management of natural resources. On the other hand, the social impact is not positively 
impacted by this technology due to the lower offered labor opportunities compared to 
traditional mining. However, the technology developer claims that the positive environ-
mental impact is enough for generating a social acceptance, then, impacting the social 
dimension. Hence, reviewing the sustainability holistically, it is clear that at the moment 
this technology contributes only to the economic and environmental dimensions of sus-
tainability as shown in the red colored area numbered with 1 in the figure above.  
 
45 
Last, the technology readiness assessment tool shows that this technology is at technol-
ogy readiness level two where the technology basic principles are reported and practical 
applications are identified. 
5.1.3 Technology Stream Focused Findings 
 
The findings presented next, answers the two main research questions of this study from 
a single case perspective. Therefore, they reflect this specific technology stream which 
is in this case, Bio-technologies. The findings were based on asking the technology de-
velopers from that technology stream about their thoughts and ideas when it comes to 
the two research questions of this study. Hence, the findings are focused and case spe-
cific compared to the generic findings included in the chapter of cross case analysis. 
5.1.3.1 RQ1: What is the criteria for assessing developing and sustainable Circular 
Economy technologies? 
To use life cycle assessment and mass balances to assess the environmental impact of 
the technologies. Then the economic benefit, the technology is not considered for imple-
mentation and commercialization unless it will generate more profit compared to the 
amount of money invested, even if it is environmentally friendly. 
 
Then, there has to be user acceptance, so the developer has to think about the final 
product and validates its importance and if there will be anyone willing to buy it. For 
instant, food supplements cultivated on urine will not have the same user acceptance as 
bioplastics products used for different purposes other than food packaging. 
 
Then, assessing the technology readiness occurs while developing the technology if the 
lab work is still in a 200ml tubes then it is clear to be in a very early stage of development. 
Usually when starting a very new process it occurs on very small scale in very simple 
systems, then when that small scale of system works very well, it scales up into a bigger 
system first then a small pilot and then a second bigger pilot. If the pilot is successful 
then it can be reviewed to companies to raise their interest and then it can be further 
developed by the companies on a commercial scale. 
 
5.1.3.2 RQ2: What are the technology catalysts that accelerate Circular Economy tran-
sition? 
The transition from linear model to circular model requires a lot of steps that mainly in-
volves many different technologies which makes it hard to identify which technology is 
superior or more important when it comes to accelerating Circular Economy. Hence, 




5.2 Construction Technologies 
5.2.1 Concrete Components Reuse 
5.2.1.1 Description 
The technology is about deconstructing prefabricated load-bearing wall panels or col-
umns of buildings, or detaching beams and/or floor slab panels, process them, and then 
check them for quality in order to reassemble them together to form a new building, al-
lowing concrete reuse. The technology is considered to be part of a whole system of 
other hardware and software technologies that are considered to be supporting technol-
ogies for achieving the best economic model. Hardware technologies are required in 
order to implement the technology and make it all possible while software technologies 
are required in a later stage to offer an online platform to connect demolishers and build-
ers. Also, to allow information trade about the dimension of the panels and materials 
trade. 
 
Supporting technologies like laser scanning for collecting data about the dimensions of 
the components and to document the building that will be deconstructed. Portable x-ray 
for checking out the quality and the location of the reinforcement bars and the steel bars. 
Then, deconstruction techniques on how to detach the panels using robotics chiseling or 
diamond saw. Also, the RFID tags to be used for identifying the panels deconstructed 
from the building and tracking their location in the building. Furthermore, a crane to dis-
mantle, lift and assemble the panels. 
 
Some of those supporting technologies are ready just to be used and there is nothing 
that needs to be developed about them in terms of their technological core but more 
about how to apply them for this particular application. Hence, using the same technolo-
gies and same applications but in a different context, more like a strategic approach of 
how to apply these technologies in this context to make the main technology of concrete 
reuse possible. 
 
5.2.1.2 How the technology advances Circular Economy? 
It has been estimated that at least one third of the Finnish construction and demolition 
waste would be concrete. Hence, the contribution comes in the concrete components 
reuse from the buildings that will be demolished and avoiding the extraction of virgin 
resources from the nature while reusing the resources that have already been extracted 
for as long as possible. Hence, providing a way to prolong the lifetime of the resources 
that have been extracted and manufactured into product like concrete panels.  
 
However, it would be a primary option to actually repair the buildings before deconstruct-
ing them. On the other hand, industrial buildings or warehouses or commercial buildings 
tend to have a very short functional and/or economic service life and if the frame of such 
buildings is not worn down and there is no room for repairs or adaptive reuse of the 
building then dismantle, transport and reuse of concrete panels. Hence, it is considered 
the second best option after repairing/change of function of building. 
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‘’If you accept that circular economy is about avoiding the extraction of virgin re-
sources from the nature and using the resources that have already been extracted 
for as long as possible so the technology provides that. The way to prolong the 
lifetime of the resources that have been extracted and manufactured into product, 
but still it would be a primary option to actually repair the buildings before we start 
to deconstruct them. So if there is an option that you repair the building where it 
is or you deconstruct it then I think you should go for repairing the building if it's 
possible’’ (S, Huuhka, interview, July 23, 2019). 
 
5.2.1.3 How the technology advances Sustainability? 
From environmental perspective, the environmental burden of construction is huge pro-
ducing large amounts of waste and extracting virgin raw materials, sometimes trans-
ported long distances. Furthermore, the use of cement or the manufacture of cement 
causes more Carbon dioxide emissions than air traffic, almost three times more.  
 
‘’Other German researchers have made LCA calculations and according to them, 
reusing concrete panel has a carbon footprint of 4% of the carbon footprint of a 
panel made from virgin materials. Hence, there is a huge environmental benefit of 
a 96% environmental saving potential’’ (S, Huuhka, interview, July 23, 2019). 
 
From economic perspective, almost all the deconstruction reuse projects that have been 
executed in Finland, Germany, Sweden and the Netherlands were quite economical. 
Though, in some cases there might be some specific problems that cause large costs 
but normally and overall the reuse projects have been quite economical. Therefore, it 
has been cheaper to reuse concrete components than to use virgin materials. However, 
the economic aspect is still to be studied since there are ways on how to detach the 
components but it is expensive. Then, how it can be competitive to extracting the virgin 
materials because extracting the materials is cheap but to detach the panels, it requires 
someone to do it and labor hours are costly. 
 
‘’The economic equation is difficult. Although I made this study about the decon-
struction reuse projects that have been executed in Finland, Germany, Sweden 
and the Netherlands and all of them were quite economical. So in some of them 
you have some specific problems which caused large costs but normally they 
have been quite economical. So it has actually been cheaper to reuse than to use 
virgin materials. But even though it's been cheaper the technology is not more 
widespread and it's really hard to pinpoint what the reason could be if it's like 
distrust in reuse rather. So even if you tell somebody that you can save 30 percent 
of the costs they still think that maybe it's not safe. Maybe it's not healthy. I don't 
know if that's the reason but I think the economic side has actually been quite 
good in this experience’’ (S, Huuhka, interview, July 23, 2019). 
 
From a social perspective, more manpower will be needed to identify the parts that still 
can be used and deconstruct or possibly repair the parts. Hence, it is more labor inten-
sive, creating working opportunities for unemployed persons. Nevertheless, the offered 
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jobs will require specialized knowledge, skills and expertise. Also, the technology will 
help solving multiple social behavioral issues by offering such work opportunities for peo-
ple in shrinking communities in different countries. 
 
‘’Well at least you need more manpower to refurbish the building parts so it's more 
labor intensive so that could create working opportunities for unemployed people 
and one way to look at the social implications as well, I give again an example 
from Germany. It's a specific example but still they have a lot of empty or almost 
empty buildings in the east side of Germany. So it used to be the GDR a socialistic 
part because people wanted to move to the west. So if the people are not doing 
so well in their shrinking areas so these buildings would be like valuable construc-
tion materials they could actually get some prosperity out of the fact that the build-
ings need to be demolished because people are no longer living there so they 
could produce these panels for the cities where the building happens. So now they 
are a problem but they could actually be a valuable resource that would create 
prosperity for their shrinking areas. So that would be like a social benefit for the 
residents who live there’’ (S, Huuhka, interview, July 23, 2019). 
 
5.2.1.4 How ready is the technology? 
There are multiple implemented projects in the aforementioned countries. In TAU, there 
have not been any built prototype nor has the technology been tested. Moreover, the 
technology is still in an early stage of development and what have been done so far in 
TAU is mainly literature/theoretical studies. Furthermore, the technology is set to be at 
TRL2 where the fundamental concept and the developer motivation are clear. As well 
as, most of the technology basic principles are stated and the practical applications are 
set to be clear. 
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Figure 15. Concrete components reuse assessment overview. 
 
This technology focuses on concrete components reuse which is represented on the 
circularity of the technology as shown in the figure above. The technology aims at reduc-
ing the extraction of virgin materials as well as decreasing the environmental burden by 
lowering the carbon footprint to ensure a positive impact on the environmental dimen-
sion. Moreover, the technology is seen to have better economics compared to traditional 
approach of extracting and manufacturing concrete which contributes to the economical 
dimension of sustainability. Furthermore, this technology will bring more labor jobs 
needed for identify parts to be deconstructed or repaired. Also, it shows the potential of 
solving some social behavioral issues in shrinking communities. Hence, contributing pos-
itively towards the social dimension.  
 
At the moment, the technology is operationalizing the concept of sustainable develop-
ment by impacting its three dimensions altogether as shown in the figure above by being 
placed in area numbered 2. Last, the technology readiness assessment tool shows that 
this technology is at technology readiness level two where the technology basic princi-
ples are reported and practical applications are identified. 
5.2.2 Timber Reuse 
5.2.2.1 Description 
It is individual strategies that focus on increasing the lifetime and the use of timber wood 
through eco-design. Hence, developing strategies and design principles on how to apply 
the reuse approach on wood waste and deconstructed timber. The timber materials are 
not massive, they are lightweight with smaller dimension components which can be cut 
and combined easily. The process start by collecting the historical floors or planks or any 
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other timber wood waste and organize them according to their dimensions, then store 
them in a certain order. Then, there will be an inventory of timber components that can 
be used later in constructing timber structures. Deconstructed wood tends to be smaller 
compared to a sound wood since its ends usually break because of the nails attached to 
it during construction. Then, a new design strategy can propose reusing the decon-
structed shorter wood for smaller structures. 
 
5.2.2.2 How the technology advances Circular Economy? 
Timber reuse possibility because of the eco-designs thinking and strategies offered. 
Moreover, timber wood is currently usually burned at the end of its life cycle. In the cases 
of recycling, there used to be plenty of challenges because of the very limited techniques 
and offered structures. As a result, timber is not recycled in Finland. Hence, this ap-
proach of waste wood reuse would offer a solution to recycling challenges as well as a 
higher degree of circularity. 
 
‘’So we could think that the timber components could enter the biological cycle as 
well but actually you have paint on them on them or you have glue. Then it’s glued 
laminated timber so it's not really about natural it's more like technological cycle. 
In fact for the timber it’s not easy for us to enter the biological cycles. So in that 
way that's what I'm thinking is technological cycles for the timber components and 
then which is better. So would Biological cycles be better if it would be possible. I 
don't know. But currently I don't know if you can consider burning timber. I mean 
you can consider it circular in the planetary sense because forests also burn down 
sometimes, however, it’s less circular than if you extend the lifetime of the prod-
uct’’ (S, Huuhka, interview, July 23, 2019). 
 
5.2.2.3 How the technology advances Sustainability? 
From environmental perspective, the strategy of reusing wood will reduce the carbon 
emissions since wood is capable of storing carbon which slows down the carbon cycle. 
Also, through reduce the manufacturing of new timber. Hence, avoiding the waste of 
demolished timber and extending its lifetime. Though, there will be loses like the broken 
edges of the deconstructed timber. However, other approaches can be considered for 
those edges like burning them, since it can be seen as circular approach in the planetary 
sense as burning forests. However, burning wood is less circular than if you extend the 
lifetime of the product by reusing it. Hence, reusing timber is seen to be environmentally 
beneficial.  
 
‘’It's a bit more complicated because it's not easy to find information about the 
sustainability of reusing wood. I haven't been able to uncover this information so 
it's harder to say that there is a clear environmental benefit. But you avoid making 
waste so that the timber would be burned to recover energy otherwise’’ (S, 
Huuhka, interview, July 23, 2019). 
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From economic perspective, it not evident if this approach of timber reuse is cost efficient 
and economically smart. The approach is totally connected to the market state and com-
pletely dependent on labor work as mentioned earlier. However, labor hours are expen-
sive and limited in most developed countries. Hence, a lot of research is yet to be done 
in this area. 
 
From social perspective, the timber remanufacture will generate job opportunities be-
cause it is more of a handiwork type of construction. The need for workers to detach the 
wood, pile it up, sort it and then later reuse it.  
 
‘’For timber, well the job creation may increase because the timber can be more 
of handiwork type of construction so maybe there could be even more opportuni-
ties for job creation’’ (S, Huuhka, interview, July 23, 2019). 
5.2.2.4 How ready is the technology? 
There had been a small project for the ministry of environment in Finland about reusing 
timber that resulted in an inventory of the different kinds of timber structures, timber com-
ponents and materials that have been used in the buildings in Finland throughout the 
history. Also, there was another project conducted with university students in setting new 
designs and strategies for reusing timber. However, there is nothing implemented yet on 
a commercial scale. Moreover, there are barriers for applying the reuse strategy of timber 
as the inconsistency of quality and quantity of the detached timber. Hence, the technol-
ogy is set to bet at TRL2. 
 




































Figure 16. Timber reuse assessment overview. 
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The reuse strategy behind applying this technology falls under a moderately high level 
of circularity as shown in the figure above. The aim of limiting the use of natural resources 
and materials by extending the life cycle of timber, as well as ensuring lower carbon 
emissions to the surrounding environment contributes to the environmental dimension of 
sustainability. Moreover, the technology is labor dependent, then more offered job op-
portunities to the community which is a direct impact to the social dimension of sustain-
ability. On the other hand, it is hard to prove the economic viability of this technology in 
the current time which does not replicate any impact to the economic dimension of sus-
tainability. Hence, reviewing the sustainability holistically, it is clear that at the moment 
this technology contributes only to the social and environmental dimensions of sustain-
ability as shown in the yellow colored area numbered with 3 in the figure above. Last, 
the technology readiness assessment tool shows that this technology is at technology 
readiness level two where the technology basic principles are reported and practical ap-
plications are identified. 
5.2.3 Technology Stream Focused Findings 
 
The findings presented next, answers the two main research questions of this study from 
a single case perspective. Therefore, they reflect this specific technology stream which 
is in this case, construction technologies. The findings were based on asking the tech-
nology developers from that technology stream about their thoughts and ideas when it 
comes to the two research questions of this study. Hence, the findings are focused and 
case specific compared to the generic findings included in the chapter of cross case 
analysis. 
 
5.2.3.1 RQ1: What is the criteria for assessing developing and sustainable Circular 
Economy technologies? 
First is to determine the circularity, to define the level of circularity that the technology 
meets. Then, assess the technology impact on sustainability from the environmental, the 
economic and the social point of view. Last technological readiness, to clarify how mature 
is the technology.  
 
Life cycle assessment tool and mass balances are commonly used for assessing envi-
ronmental sustainability. Then, the LCC as a tool can be used for assessing the eco-
nomic dimension of sustainability. However, the social sustainability will be quite hard to 
design and decide on all the relevant social indicators since it is more of a qualitative, 
subjective assessment compared to the quantitative assessment that takes place in the 
other two dimensions. Nevertheless, safety is one big factor when it comes to construc-
tion technologies, which can be seen as a criteria of assessing the social dimension of 
construction technologies.  
 
For technology readiness that depends if the technology is a standalone technology or 
part of a whole system including other technologies that together operationalize the main 
technology. In the latter case, then assessing the sub-technologies will result in an over-
all readiness for the main technology. However, in most construction technologies, if they 
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are part of a whole system then the supporting or sub-technologies are mostly mature 
and will only be applied in different context to their main application to operate within the 
new environment set by the new technology. 
5.2.3.2 RQ2: What are the technology catalysts that accelerate Circular Economy tran-
sition? 
The commitment towards a transition into Circular Economy ought to incorporate differ-
ent developing technologies that all contributes towards validating and implementing the 
concept. Furthermore, construction technologies now days are supported by other wide 
range of technologies. Then it is hard to decide or favor certain technologies to others. 
Therefore, all technologies are need for accelerating Circular Economy transition. 
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5.3 Digital Technologies 
5.3.1 Software for Sustainable and Optimized Manufacturing 
5.3.1.1 Description 
It is a manufacturing software tool that focuses on achieving sustainability while consid-
ering different manufacturing processes. The tool is specifically designed to suit additive 
manufacturing (AM). The tool will be able to address the economic, environmental and 
social aspects of sustainability by monitoring various key performance indicators for the 
manufacturing process. For the tool to assess these sustainability metrics, it is important 
that different forms of knowledge that is available could be integrated. Information related 
to manufacturing parameters, expert knowledge, costing data, environmental emissions 
and social indicators are examples of data that would be collected. The idea would be to 
represent these different parameters, variables, and indicators in the form of a cause-
effect relationship using visual representation such as graphs. The software will allow 
the users to make modifications to this graph to be able to identify how changing one 
indicator would result in changing the other ones.  
 
Therefore, the software will have all the different key performance indicators as well as 
the different manufacturing processes from existing databases or from previous historical 
data and then bringing in the knowledge or experience of the personnel who have been 
working in the industry through different techniques such as analytical hierarchy process. 
Then, encoding these different forms of knowledge in the tool, which would perform the 
assessment and provide sustainability scores. Decision makers (designers, manufactur-
ing engineers, managers) would have the freedom to make changes in the design or 
manufacturing parameter to analyze and predict different outcomes in terms of sustain-
ability. 
 
5.3.1.2 How the technology advances Circular Economy? 
Resource efficiency and better resources management through simple modifications and 
optimization to the design or the manufacturing process parameters aiming for reaching 
sustainability levels can help reduce the raw materials used, hence, less materials 
wasted and better utilization to it. 
 
5.3.1.3 How the technology advances sustainability? 
From environmental perspective, the aim is that the tool will be able to monitor and as-
sess the different impacts on the neighboring community of where the factories are situ-
ated in terms of emissions to air, ground and water. Then, once there is certain 
knowledge about the emissions, then the tool can recommend solutions or best practices 
to reduce it or eliminate altogether. 
 
‘’Companies involved in manufacturing could use this software as a tool for as-
sessing their performance and decisions in regards to sustainability. So in terms 
of gender sustainability I would say we can monitor and see the different impacts 
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it has on the neighboring community of where the factories are situated and then 
in terms of emissions to air, ground and water, all of those things. And then the 
impact would be that once we know that certain emissions are going out we can 
implement methods to reduce it or get rid of it altogether’’ (S, Panicker, interview, 
June 19, 2019). 
 
From economical perspective, the manufacturing process will be based on cost models, 
hence, less materials waste lead to better savings and economic feasibility. In addition, 
the predictability of the outcome while being flexible towards making changes to the de-
sign or manufacturing parameters drive better economics. 
 
From social perspective, it is hard to decide how the software will impact the social di-
mension of sustainability since there is no hard formula that can calculate the social 
improvement compared to economic and environmental dimensions. The social impact 
assessment has been subjective and usually the results are based on surveys. Hence, 
understanding and identifying the existing social metrics that has been used for life cycle 
assessments, and work towards improving them. 
 
‘’So the most difficult is the social sustainability because it's more based on sur-
veys and there is no hard and fast formula which can be used. For example for 
economic or even for environmental dimensions you can compute these things 
through formulas but for  the social dimension it's more based on subjective 
measures I would say and its indicators differs from company to company too’’ (S, 
Panicker, interview, June 19, 2019). 
 
5.3.1.4 How ready is the technology? 
The software is in its conception phase, it is still in an early stage of development, and 
mostly what has been done is literature investigations and multiple trials of introducing 
some of the machine learning algorithms. Therefore, mainly research work is ongoing, 
trying to identify different algorithms to check which one suits the best for the application. 
 
Most of the technology basic principles and practical applications are clear. Moreover, 
the technology has shown interest for different customers in the industry. Hence, the 
technology is considered to be at TRL2. 
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Figure 17. Software for sustainable and optimized manufacturing assessment over-
view. 
 
The technology appears to be fulfilling the core concept of Circular Economy with a high 
level of circularity as shown in the figure above. The aim of reducing the use of natural 
resources and materials while ensuring higher manufacturing efficiency contributes to 
both environmental and economic dimension of sustainability. Also, the recommended 
solutions and practices suggested by the software will help at reducing hazardous emis-
sions from the manufacturing process and will improve the environmental surrounding. 
On the other hand, it is hard to neither prove the social impact of this technology nor 
provide any possible future job offerings through implementing it, however, the technol-
ogy developer claims that the environmental improvements should boost the social ac-
ceptance and well-being. 
 
Hence, reviewing the sustainability holistically, it is clear that at the moment this technol-
ogy contributes only to the economic and environmental dimensions of sustainability as 
shown in the red colored area numbered with 1 in the figure above. Last, the technology 
readiness assessment tool shows that this technology is at technology readiness level 
two where the technology basic principles are reported and practical applications are 
identified. 
5.3.2 Technology Stream Focused Findings 
 
The findings presented next, answers the two main research questions of this study from 
a single case perspective. Therefore, they reflect this specific technology stream which 
is in this case, Digital technologies. The findings were based on asking the technology 
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developers from that technology stream about their thoughts and ideas when it comes 
to the two research questions of this study. Hence, the findings are focused and case 
specific compared to the generic findings included in the chapter of cross case analysis. 
 
5.3.2.1 RQ1: What is the criteria for assessing developing sustainable Circular Econ-
omy technologies? 
The technology developer argues that planning a matrix with certain targets to achieve 
in terms of Circular Economy will be effective for assessment. Targets like the circularity 
following the R strategies diagram, sustainability divided into the three dimensions and 
last, technology readiness. The matrix can be used to condition check all the targets it 
meets. For environmental aspect the condition to be checked can be LCA. For economic 
dimension it can be based on better economics and lower expenses. However, as-
sessing the social dimensions is very subjective. It is hard to validate how digital tech-
nologies impact social dimension and at the same time assess their readiness since they 
are always updated and developed. 
 
5.3.2.2 RQ2: What are the technology catalysts that accelerate Circular Economy tran-
sition? 
Digital technologies are leading in the role of accelerating Circular Economy transition. 
New digital technologies like IoT, Blockchain and machine learning are carrying immense 
chances for Circular Economy transition. Moreover, digital technologies are supporting 
many industries, in some cases they are acting as sub-technologies of a whole running 
system which proves their importance. 
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5.4 Manufacturing Technologies 
5.4.1 Additive Manufacturing Analytical Models 
5.4.1.1 Description 
Manufacturing can be classified broadly in two categories, subtractive manufacturing 
which is the traditional technology, and additive manufacturing which is relatively newer 
and disrupting technology.  The study, which is currently undertaken, involves experi-
mental work in metal additive manufacturing. The end goal of these experiments would 
be to develop empirical models that would provide a better understanding and represen-
tation of the additive manufacturing process. A specific type of AM process known as 
wire arc additive manufacturing (WAAM) is studied. WAAM is a form of direct energy 
deposition (DED) process wherein, the desired part is built layer on layer. The process 
uses an electric arc as heat source to deposit the metal wire feedstock. The system 
comprises of a robotic arm that has the welding torch attachment, a wire feeder, cold 
metal transfer power supply unit (type of welding unit), and shielding gas supply unit. The 
AM process allows for realization of complex geometries that would be difficult to attain 
with traditional manufacturing. AM can help reduce the total number of parts and sub-
assemblies by replacing these as one part.  
 
Then a greater degree of freedom, where designing and printing a CAD model that is 
topology optimized will have the same strength as traditionally designed parts but rather 
with reduced amount of raw material. The aim of remanufacturing technologies and eco-
design is to design components that can be remanufactured and at the same time main-
tain their robustness and strength. Industrial companies use additive manufacturing as 
a method for remanufacturing purposes where companies have big parts like turbines or 
ship propeller blades that usually require to be repaired by remanufacturing. Hence, 
those parts can be scanned to get the whole CAD model made and then use wire arc 
additive manufacturing method to manufacture the broken part or component. However, 
to perform it effectively there should be some trial and error activities before actually 
printing that broken part or component in order to ensure a final good quality component.  
 
Therefore, the aim of these analytical models is to eliminate that trial and error phase by 
encompassing all of those different designs, geometries, manufacturing data, the type of 
materials and type of process all together in order to come up with specific numbers that 
can be used as an input data for an efficient remanufacturing process. Moreover, opti-
mizing the parameters of welding like the wire feed rate and the travel speed of the arc 
to have the best component quality as a result.  
 
Furthermore, having straight parts or components is different from complex part with 
curves and angles in terms of the parameters to be set. At the present time, the approach 
is printing multiple prototypes based on parameter variations in a carefully planned de-
sign of experiments to ensure finding the optimum parameters. Hence, yielding the best 
quality output. Therefore, precious resources such as material and time are spent on 
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activity which will not result in a commercially ready product. Hence, those analytical 
models will eliminate the need for this extensive prototyping. 
 
5.4.1.2 How the technology advances Circular Economy? 
It focuses on reducing material use. In traditional manufacture, in order to manufacture 
a certain part there will be a big block of a certain material that will be reformed to look 
like the desired part leaving behind many scrap and generating waste materials. In order 
to be able to use the generated scrap from such process, the scrap has to go through 
recycling which is considered as an energy intensive process because of the need to lay 
out a lot of energy to form it back into the original block which later can be used for 
another purpose. However, manufacturing the same part using different technique as 
wire arc additive manufacturing will allow a proper use of materials with efficiency up to 
95%, reducing waste materials while maintaining the functionality of the component. 
 
‘’So this technology is actually used for remanufacturing. However, the aim is re-
ducing materials. So companies have big parts which are a part of turbines or 
parts of the ship propeller blades. So if one of them needs repair you can actually 
have it scanned and you get the whole CAD model made and then you can use 
this wire arc additive manufacturing method to manufacture the broken tail fin or 
whatever the component is. So that's kind of the main application which this is 
being used for currently. Before you start remanufacturing of the damaged part, 
some trial welding tests are performed to optimize the weld parameter settings. 
These tests take time and resources, we are trying to eliminate the trial and error 
tests by making a model that encompasses all of these different design geometry, 
part functionality, and process parameter settings and their interactions. The de-
veloped software will then be capable of providing optimized process parameters 
to run the wire arc additive manufacturing to remanufacture parts’’ (S, Panicker, 
interview, June 19, 2019). 
 
The advancement would be into having a model which can combine all the parameters 
needed for a certain design and recommend what need to be fixed or changed in order 
to get a good weld and directly print the part without going through any trial and experi-
mentation. Hence, saving up on wasted time and materials. 
 
5.4.1.3 How the technology advances sustainability? 
In general, there are two different opinions regarding additive manufacturing sustainabil-
ity. First, additive manufacturing is more sustainable compared to conventional manu-
facturing process. While the other one argues that, it is not really any more sustainable 
than conventional manufacturing. The idea is that it depends on the system boundaries 
set to be used. In the case of using additive manufacturing in remanufacturing a part or 
component which was designed for subtractive manufacturing, then it will not be sustain-
able. Therefore, in order to use the full potential of additive manufacturing for improved 
sustainability, concepts or principles such as design for additive manufacturing need to 
be incorporated in the designing phase. Thus, there are developed methods such as 
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eco-design for additive manufacturing, which is specifically designing the parts and com-
ponents based on the principles that will make it convenient for later remanufacture using 
the additive manufacturing method. Then, following such approach would eventually re-
sult in a more sustainable product. 
 
Therefore, it is more sustainable if it is done following the proper approach. Also, additive 
manufacturing has been used in national defense research, aviation and automotive in-
dustry for printing parts and components, and many companies are looking into making 
the transition to move into additive manufacturing to address the new targets of sustain-
ability and bring down the costs as well. Hence, from environmental perspective, using 
additive manufacturing analytical models in any remanufacturing and eco design process 
will help reduce material usage, then less material waste and lower carbon footprint. 
 
‘’So let's say like you have a part which is right now being manufactured tradition-
ally where you're taking a big block and then taking out material from it to make a 
part. So scrap is generated. Then you have to go into recycling, and metal recy-
cling is energy intensive process. You need to lay out a lot more of energy to get 
back into like the original block which can be used for something else. But the 
same part if we can use techniques such as design for additive manufacturing and 
have the functionality intact but just changing the way of manufacturing. So some 
of the metal AM processes such as wire arc additive manufacturing. It has material 
use efficiency upwards of 95 percent. So you're just using materials to print the 
part itself and not removing material. So that's reducing’’ (S, Panicker, interview, 
June 19, 2019). 
 
While, from the economic perspective, lowering expenses due to eliminating the need of 
buying new components again and no expenses lost on wasted materials which make it 
economically smart and viable.  
 
‘’I think that here we have the manufacturing for being more economic, it's more 
based on the cost models and the way of manufacturing. And then material utili-
zation. And the other thing is more like cost perspective as in like how can we 
make things cheaper. Make the production cost cheaper’’ (S, Panicker, interview, 
June 19, 2019). 
 
From social perspective, it is not evident if the technology will bring any more jobs, since 
the technology is existing and the processes of researching and optimizing parameters 
needs experienced personnel whom aim at having a collective model that utilize and 
encompasses all the material types, manufacturing process and other parameters re-
lated to designs and geometries, which does not seem to bring any more jobs at least at 
the current state. 
 
5.4.1.4 How ready is the technology? 
In terms of additive manufacturing technology itself, it is already existing and fully mature. 
It is certainly a level nine technology as it can be bought off the shelf from companies to 
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start manufacturing or remanufacturing any parts or components. However, while print-
ing a part there should be a manual to follow that explains how the system works but the 
problem is, it does not mention many details about the parameters to be maintained and 
optimized to get a good quality product with respect to its geometry. Hence, the improve-
ment is in literature research to find the best practices for welding and identifying the best 
material properties of the weld that can achieve best materials reduction. Then, trying to 
have optimized parameters selection based on previous experience that sets the analyt-
ical models to be at TRL 4. The readiness level is supposed to reach level nine by the 
time there will be one model that gathers all the required information and parameters 
needed for remanufacturing any kind of part or component. 
 




































Figure 18. Additive manufacturing analytical models assessment overview. 
 
The technology appears to be at high stage of Circularity as shown in the figure above, 
focusing on reducing the use of natural materials while maintaining the high quality of 
remanufacturing products compared to other traditional manufacturing methods with a 
percentage up to 95% as well as reduce the expenses spent on components or extra 
materials contributes positively to the environmental and economic dimensions of sus-
tainability. Moreover, the collective analytical model will reduce the carbon foot print be-
cause of the best practices it will suggest for remanufacturing any component. Therefore, 
it will reduce material scrap which normally consume huge amount of heat and energy 
in order to be reused again. On the other hand, it is hard to emphasize on any positive 
social impact done by these analytical models nor provide any possible future job offer-
ings through using it, however, the researcher claims that the environmental improve-
ments should boost the social acceptance and well-being which by then impacts the 
social dimension of sustainability positively. 
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Hence, reviewing the sustainability holistically, it is clear that at the moment this technol-
ogy contributes only to the economic and environmental dimensions of sustainability as 
shown in the red colored area numbered with 1 in the figure above. Last, the technology 
readiness assessment tool shows that these analytical models are at technology readi-
ness level four where the technology basic principles are reported, practical applications 
are identified, proof of concept existed and last an operating prototype in a lab environ-
ment.  As mentioned earlier, the readiness level is supposed to reach level nine by the 
time there will be one model that gathers all the required information and parameters 
needed for remanufacturing any kind of part or component without going through any 
trials. 
5.4.2 Technology Stream Focused Findings 
 
The findings presented next, answers the two main research questions of this study from 
a single case perspective. Therefore, they reflect this specific technology stream which 
is in this case, manufacturing technologies. The findings were based on asking the tech-
nology developers from that technology stream about their thoughts and ideas when it 
comes to the two research questions of this study. Hence, the findings are focused and 
case specific compared to the generic findings included in the chapter of cross case 
analysis. 
5.4.2.1 RQ1: What is the criteria for assessing developing sustainable Circular Econ-
omy technologies? 
Main focus would be on assessing the sustainability. If the technology is not sustainable 
then it does not fit to the concept of Circular Economy. Moreover, it is important to link 
the environmental impact of manufacturing technologies with the social life through using 
the outcomes from the environmental assessment and link it to how it affects the people 
related. That somehow lower emissions can be considered as social benefits. Then, in-
stead of using the traditional approach of having surveys conducted in factories there 
should be defined and previously agreed social indicators -like health or safety- by dif-
ferent organizations that can be monitored. Then, focus and seek to meet the standards 
of those indicators. Moreover, other focused point in the criteria would be the cost impact 
of the new technology and how it advances the economic growth and drives lower ex-
penses.  
 
Furthermore, assessing the technology readiness, to start with the basic principles and 
then building a prototype for testing following the TRL steps. Then applying this tech-
nique to be customized for Circular Economy to meet any of its R strategies of Circularity. 
 
5.4.2.2 RQ2: What are the technology catalysts that accelerate Circular Economy tran-
sition? 
Manufacturing technologies that focus on products eco-designs are seen as accelerating 
technology catalysts to Circular Economy transition. However, there are many enabling 
sub-technologies to those two main technology streams but looking form a holistic point 
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of view then sustainable manufacturing is a leading technology stream in regards to Cir-
cular Economy contribution. 
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5.5 Material Science Technologies 
5.5.1 Composites Recycling Process Optimization 
5.5.1.1 Description 
It is a process technology that concentrates on composites recycling through optimizing 
the process parameters of the composites recycling system. The technology itself is ma-
ture and serves the manufacturing industry. However, the idea is about optimizing the 
parameters that are used for recycling. There are two main recycling technologies for 
composites, mechanical and thermal. Both recycling technologies can be used for plas-
tics and composites. 
 
Focusing on mechanical recycling, at the beginning there should be a clear understand-
ing of what kind of raw material should be fed to the system and its size, if it is a big part 
like a huge blade of wind turbine then it has to be sorted somehow into smaller parts that 
the system would be able to grind. Then the grinding speed, understanding if there are 
different speeds on the crushing tool then what is the wear rate of the tool versus the 
output material rate versus the energy consumed. Then, the concept behind mechanical 
recycling is to crush the part to get more and more fine particles. Therefore, the technol-
ogy contributes through offering a developed equation that is case specific and can use 
different input data, combine it and give the specific optimum speed for the grinding pro-
cess. Hence, optimizing the whole recycling process. 
 
Nevertheless, the use of recycled materials is limited to certain products that do not fea-
ture the safety factor within. To elaborate more, products designers have interest now 
days in the idea of the material being recycled over and over by the end of its life time. 
However, critical products like the wind turbine blades or plane wings and other products 
will not be manufactured from recycled materials or repaired for safety reasons. Hence, 
not all the recycled end products are suitable for that approach of design from the safety 
point of view. On the other hand, there are certain designs for products that has no safety 
issues like the wine cooler which is made of recycled material and can be later recycled. 
Furthermore, different products like bathtubs and light covers that are made of recycled 
materials and do not have safety issue. Hence, product designs are important factor in 
optimizing the overall recycling process of transforming one thing into another new form. 
 
5.5.1.2 How the technology advances Circular Economy? 
The technology advances Circular Economy by applying the recycling strategy where 
recycling composite materials from wind turbines and aeronautic parts. Mainly parts that 
have a long life time and their new design changes frequently due to the fast technolog-
ical advancements taking place. Hence, reusing or repairing the old parts is not feasible 
like wind turbine blades where the old blades are considered much smaller than the 
blades developed and used now days. Moreover, aeronautics parts have to meet certain 
safety standards which will not make recycled components and parts attractive enough 
to be used. Then, optimizing the whole process to be efficient enough for recycling dif-
ferent parts into a new material that can be used later for making less critical products. 
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5.5.1.3 How the technology advances Sustainability? 
The process optimization gives a realistic understanding to the cost of the overall process 
and assists at minimizing it. The costs in mechanical recycling is generated mainly from 
the electricity and power used. Then, optimizing the process will lead to minimizing the 
amount of power usage which leads to better economics and an energy efficient process. 
Hence cost reductions and environmental improvements are interrelated. Moreover, the 
positive consumer behavior of buying recycled products that are not dependent on safety 
or health related matters is seen as environmental benefits because of the resources 
use efficiency. Hence from economic and environmental perspectives, the technology is 
viable and impacts both dimensions positively. 
 
‘’We are doing the process optimization. So what it gives actually is a realistic 
understanding on what is the cost of the process and it helps to minimize it. Of 
course from the environmental point of view, understanding the different variables 
in the process and then being able to minimize it is important. In terms of the costs, 
it also means that we are decreasing or minimizing the environmental aspect of 
the process because most of the costs for example in the mechanical recycling 
comes from the electricity that we are using and if we can minimize the cost of 
that it means that we are minimizing the amount and then we have the environ-
mental aspect. So it's more like cost environment and which are very interrelated’’ 
(E, Sarlin, interview, July 1, 2019). 
 
From social perspective, there was no clear indication on how this technology can con-
tribute or affect the social benefits in regards to offering job opportunities or improved 
well-being, since some recycled products are just used for their functionality and meas-
uring their impact on social life is not tangible. However, the technology developer argues 
that social acceptance on the design of the final recycled products is considered as a 
social benefit as well as the technology itself since it contributes to the concept of better 
future of the Circular Economy. 
 
‘’We don't concentrate on the social aspect. A little bit on the design side and there 
the social aspect has been involving. Where the general public is giving opinions 
on the design. The idea was that there are designers of both students and profes-
sional designers and they design some products and then the general public is 
asked for opinion, rating and commenting on these products and then some prod-
ucts are developed further’’ (E, Sarlin, interview, July 1, 2019). 
 
5.5.1.4 How ready is the technology? 
It is a previously existing and mature technology, the further development took place in 
the developed equation that can be used for optimizing the whole recycling process. The 
equation is already formed and been used in different projects. The developed equation 
has been validated from the energy consumption point of view, a meter that was plugged 
between the recycling machine and the power source - while considering the wear of the 
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tools used - can measure the difference in energy consumption before and after the 
process optimization. Then, the mechanical recycling technology is at level nine on the 
technology readiness scale, the further development in optimizing the whole recycling 
process is already existing and in practical industrial use, hence, the overall readiness 
of this technology is considered to be at TRL 9. 
 




































Figure 19. Composites recycling process optimization assessment overview. 
 
The mechanical recycling technology appears to be at a very early stage of circularity as 
shown in the figure above, focusing on recycling of composite components into new 
commodity products. The process optimization will reduce the running costs and energy 
consumption as well as improve the resources management through limiting the extrac-
tion of virgin materials used in manufacturing products that can be manufactured through 
recycling composite materials. Moreover, the technology does not contribute with any 
clear social benefits. However, the technology developer claims that the environmental 
improvements should improve the social well-being.  
 
Hence, reviewing the sustainability holistically, it is clear that at the moment this technol-
ogy contributes only to the economic and environmental dimensions of sustainability as 
shown in the red colored area numbered with 1 in the figure above. Last, the technology 
readiness assessment tool shows that this technology with the later optimized processes 
is at technology readiness level nine where the technology basic principles are reported, 
practical applications are identified, proof of concept existed, a prototype is tested in the 
lab as well as, a high fidelity prototype is demonstrated in a simulated relevant environ-
ment to the operational one, the high fidelity prototype has been integrated in an opera-
tional environment successfully and fulfilled the required application while adhering to 
the regulatory standards. Furthermore and as mentioned earlier, the further improvement 
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that took place was related to optimizing the process of recycling though developing an 
equation that can take different inputs and results with the optimum parameters for the 
recycling process. Regardless, the technology is considered ready and fully mature. 
5.5.2 Technology Stream Focused Findings 
 
The findings presented next, answers the two main research questions of this study from 
a single case perspective. Therefore, they reflect this specific technology stream which 
is in this case, material science technologies. The findings were based on asking the 
technology developers from that technology stream about their thoughts and ideas when 
it comes to the two research questions of this study. Hence, the findings are focused and 
case specific compared to the generic findings included in the chapter of cross case 
analysis. 
 
5.5.2.1 RQ1: What is the criteria for assessing developing sustainable Circular Econ-
omy technologies? 
The initial focus should be on sustainability as the man criteria because if the technology 
is not sustainable then it is a deal breaker. Afterwards the technical readiness of the 
technology which is directly linked to the economical state because it can be argued that 
the technology is not yet ready but it can be further developed to become more econom-
ical. Therefore, environmental impact laws or the environmental dimension should al-
ways be assessed first, usually using the lifecycle analysis for comparison. Then, the 
economical dimension to be assessed while developing the technology. Last, assessing 
the technical readiness is based on if the technology at a certain stage of development 
is economically feasible or not, based on that, then it is decided to proceed for further 
development in order to be available for commercialization. Therefore, in practice the 
economical assessment is the most important aspect in terms of sustainability and as-
sessment criteria. 
 
5.5.2.2 RQ2: What are the technology catalysts that accelerate Circular Economy tran-
sition? 
It is a team play of many technologies that end up into a new product or a new strategy 
that adopts the Circular Economy. The contribution towards Circular Economy activities 
should include several and different streams of developed technologies and not only one. 
However, the leading and popular technology stream at the moment is seen to be Bio-
technologies where the use of bio-based resources is the core. Such technology stream 
has accelerated a lot lately that makes it distinguished and significant at the moment. 
Then, manufacturing technology stream and nanotechnology streams comes afterwards. 
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6. CROSS CASE ANALYSIS 
In this chapter, two different cross case analysis will be conducted from two different 
perspectives. First analysis will be demonstrating the common findings from the mapped 
technologies perspective, using the preliminary designed assessment criteria. The sec-
ond analysis will be presenting the new identified assessment criteria and evaluation 
methods from the technologies stream perspective. In addition, reviewing the technology 
streams opinions and thoughts in terms of the old preliminary designed assessment cri-
teria of this thesis. 
6.1 Mapped Technologies Perspective 
In the table next, the technologies mapped will be listed while presenting their assess-
ment from circularity, sustainability and technological readiness point of view. Technolo-
gies circularity is explained using the R strategies, technologies are listed in descending 
order from highest circularity -first technology- to the lowest circularity, which is the last 
technology in the table. Then, technologies sustainability demonstrate the dimensions 
that the mapped technology only contributes to, while technologies readiness is ex-
plained by determining the readiness level using the TRL tool. 
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As shown in the table above, it is found that: 
 
 Most technologies with high circularity are low on readiness level, which may 
indicate the early stage of development of many Circular Economy technologies 
now days. However, there is one technology mapped that has a relatively better 
level of readiness compared to the other technologies with similar high circularity, 
but still it does not argue the general low readiness of Circular Economy technol-
ogies mapped. 
 The most developed and mature technology -composites recycling process opti-
mization- offers recycling as a strategy of circularity which is considered of a 
lower importance to other circularity strategies like reuse and reduce. 
 Most mapped technologies where lacking the inclusion of the social dimension of 
sustainability. Hence, social benefits are ignored while developing the technolo-
gies and most focus is on economic benefits and environmental improvements. 
 There is one technology -concrete components reuse- that is impacting the three 
dimensions of sustainability. Hence, operationalizing the concept of Circular 
Economy as discussed in literature. 
 Only timber reuse technology lacks to impact the economic dimension because 
the technology developer could not assure if the technology implementation is 
seen to be economically feasible. 
 
The above findings were a result of assessing the mapped technologies using the pre-
defined criteria and framework. However, while conducting the assessment there were 
some common and odd findings between technology developers. Also, the technology 
developers had their own views and feedback in regards to the assessment criteria and 
evaluation methods. The common and odd findings across technology developers, as 
well as their opinions and feedback will be discussed next:  
 
 It was common that there was an unclear understanding and confusion to the 
different R strategies. 
 It was common when it comes to sustainability assessment, many technology 
developers would connect the environmental benefits to social benefits and claim 
impacting both dimensions. It was also common that the economic dimension 
has the highest priority, it is the deal breaker to further develop any technologies. 
 It was common by all technology developers that social dimension is overlooked. 
Not necessarily to be deliberately overlooked, but few argue the lack of aware-
ness to its importance. 
 One technology developer argued that the TRL tool has some limitations when it 
comes to further development. To further explain, the technology developer was 
wondering about, what will be the TRL of a fully mature technology that goes 
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through frequent development. Will the TRL be extended to new levels or the 
technology will stay at the same TRL. 
 It was common between few technology developers to be familiar with the steps 
of technology development as shown in the TRL model but not with the model 
itself. 
 One technology developer argues that being more flexible and less strict in fol-
lowing the levels of the TRL model can be more effective in allowing the research-
ers to learn and bridge some obstacles while developing their technologies. 
6.2 Technology Stream Perspective 
In this chapter, technology streams determine the criteria for assessing Circular Econ-
omy technologies, each technology stream has its own separate criteria for assessment. 
Nevertheless, most technology streams identified the following as the main common cri-
teria to be examined and assessed; 
 Sustainability 
 Circularity of technology 
 Technological readiness 
 
Furthermore, each technology stream has introduced different evaluation methods for 
each criterion. Then, to combine all the findings of the five technology streams, a cross-
case analysis is conducted in order to better demonstrate the commonalities and differ-
ences between the technology streams assessment criteria and their evaluation meth-
ods. Therefore, Table 8 and Table 9 are made. Table 8 is covering the first criterion; 
sustainability from its three dimensions, each with its own evaluation methods as follow-
ing; 
 Environmental as LCA, mass balances, energy consumption or lower emissions 
 Economic as LCC, profitability or lower expenses 
 Social as user acceptance, health, safety 
 
In the evaluation methods section in the table below, there is one slot titled with ‘‘not 
specified’’ since in some cases one of the criterion is identified to be essential for as-
sessment but without mentioning or discussing any evaluation methods or tools to reflect 
on.
71 






























































































































Bio            
Construction            
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ence 
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As shown in the table above, it is common across most technology streams that: 
 LCA is the most common evaluation tool for assessing the environmental dimen-
sion of sustainability as presented in the literature review of (Sassanelli et al., 
2019) and in chapter three. 
 Profitability or lowering the expenses is the most common evaluation aspect for 
assessing economic dimension of sustainability 
 Improved safety is the most common evaluation indicator for assessing the social 
dimension of sustainability 
Furthermore, the following can be concluded form the table as well: 
 Mass balances and energy consumption are equally considered as the second 
best evaluation method for assessing environmental dimension 
 From the construction technology stream perspective, LCC is considered to be 
an effective evaluation tool for the economic dimension.  
 Material science technology stream emphasized on the economic dimension to 
be the deal breaker for developing any technology. However, there was not any 
specified evaluation tool or method for assessing the economic dimension 
 User acceptance is considered to be an important factor at impacting the social 
dimension from the Bio-technology stream perspective. Since bio-based prod-
ucts are sensitive when it comes to their functionality or final use. Hence, the 
products compliance with social preferences is important. 
 From manufacturing technology stream perspective, health and improved safety 
are the two main evaluation indicators for assessing the social dimension. The 
choices were driven from the hard environment of the manufacturing industry 
where workers safety and health state is a major concern. 
 Digital technology stream emphasized on the importance of assessing the social 
dimension of sustainability. However, it argued that it is very subjective. Hence, 
there was not any specified evaluation tool or method for assessing the social 
dimension 
Then, Table 9 is covering the second and third criterion. Each criterion with its own eval-
uation methods as following; 
 Technological readiness as TRL, scientific order of technology development, 
commercialized product, mature sub-technologies, economic feasibility 
 Circularity as 9R strategies, Ellen Macarthur Circular Economy system diagram 
In the evaluation methods section in the table below, there is one slot titled with ‘‘not 
specified’’ since in some cases one of the criterion is identified to be essential for as-
sessment but without mentioning any evaluation methods or tools to reflect on.
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Table 11. Second and third assessment Criterion with their evaluation approaches across each technology stream. 
Technology 
streams 













































































































































Bio          
Construc-
tion 
         
Digital          
Manufac-
turing 
         
Material 
science 
         
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As shown in the table above, it is common across most technology streams that: 
 TRL is the most common evaluation tool for assessing the readiness of technol-
ogies 
 9R strategies are the most common evaluation method for assessing and de-
scribing technologies circularity 
Furthermore, the following can be concluded from the table as well: 
 From the perspective of Bio-technologies, following the regular scientific order of 
developing any technology is fairly enough for assessing its readiness. The sci-
entific order was considered to start with a small scale system, then a bigger 
scale system, then a small pilot, then a big pilot and in case of industrial interest 
by companies then, it can be further developed for commercialization purpose. 
On the other hand, there was not any specific evaluation tool or method for as-
sessing the technology circularity. Nevertheless, the importance of assessing cir-
cularity was highlighted. 
 Material science technology stream perspective, consider having an economic 
feasible technology that can offer a commercialized product is the best evaluation 
indicator for assessing the readiness of technologies. Therefore, technologies 
are viewed from economic and commercial aspects, if the technology is econom-
ical feasible and commercially successful then it is a mature and ready. However, 
from the technology stream perspective there was not any specific evaluation tool 
or method for assessing the technology circularity. Nevertheless, the importance 
of assessing circularity was highlighted. 
 From the construction technology stream perspective, it is argued that there are 
many supporting and enabling technologies to any construction technology. 
Therefore, assessing the whole system maturity of construction technology is 
based on the maturity of its sub-technologies. Furthermore, assessing the tech-




In this chapter, this research is summed up and concluded. The first section summarizes 
the findings to the research questions and present if the objective of this study was 
achieved by the work conducted in this research or not. The second section discusses 
the contribution and the implications of this research to the existing literature while the 
third section discusses the contribution and implications of this research to the manage-
ment of companies. Last section identifies the constraints and the validity of the data in 
this research. Also, suggest new areas to investigate for future research. 
7.1 Meeting the Objective 
This study has an objective of mapping Circular Economy technologies within Tampere 
University while providing the policy and decision makers with an assessment criteria 
that allow them to holistically assess developing Circular Economy technologies. Also, 
present technology catalysts that are enabling and accelerating Circular Economy. 
Therefore, gaining knowledge about technology catalysts that accelerate Circular Econ-
omy required conducting a multiple case study on different developing Circular Economy 
technologies from different technology streams. Investigating the cases was done 
through gathering data from interviews and literature as a secondary source of data. 
 
There are two main research questions to this thesis. First research question was: What 
is the criteria for assessing developing and sustainable Circular Economy technologies? 
To answer these questions, the framework developed in this study in chapter 4.2 was 
used to analyze the single cases within each technology stream. The analysis covered 
three perspectives, circularity, sustainability and technological readiness to answer the 
sub-questions to the first research question: 
 How the technology advances Circular Economy and sustainability? 
 How ready is the technology? 
 
The three perspectives were the main assessment criteria chosen by the researcher of 
this study. However, it was only used for the purpose of conducting the study and initiat-
ing a room of improvements, modification or changes. Therefore, the question was an-
swered separately in each technology stream. In addition, a cross case analysis was 
conducted in chapter 6 to identify the new criteria and evaluation methods, as well as, 
detect the commonalities across technology streams. The findings summary is, most 
technology streams follow the same criteria chosen by the research but decided on dif-
ferent or similar evaluation method for each criterion. Therefore the assessment criteria 
would be: 
 Circularity using the 9R strategies models 
 Sustainability using LCA, profitability and improved safety 
 Readiness using TRL 
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Nevertheless, through analysis there was recommendation on improving some of the 
evaluation methods, as having an extended TRL to meet the future developments of 
mature technologies. 
 
Second research question was: What are the technology catalysts that accelerate Cir-
cular Economy transition? Answering this question required covering wide range of dif-
ferent technologies that act themselves as a catalyst to Circular Economy, and then an-
alyze their answers to the same question to generate more information and detect com-
monalities within. This research question was answered separately in each technology 
stream by analyzing single cases within the technology stream in chapter 5. Then, iden-
tifying the common technology catalysts across technology streams which was con-
ducted in the cross case analysis in chapter 6. As a summary, most technology streams 
argue that all type of technologies act as a catalyst and equally contribute towards ac-
celerating Circular Economy. However, digital technologies, manufacturing technologies 
and bio-technologies have been highlighted as the leading technologies in accelerating 
the transition towards Circular economy. 
 
Therefore, the explorative nature of this study was able to generate answers and findings 
in regards to the two research questions. Hence, fulfilling the objective of this study. 
However, the link between technology development and Circular Economy may need 
further investigation in order to further argue the findings of this study. 
7.2 Theoretical Implications 
This study focused on technology catalysts and assessment of Circular Economy tech-
nologies. Both focuses were found lacking in the existing literature where there was not 
much offered information regarding technology catalysts that accelerates Circular Econ-
omy nor the criteria of assessing Circular Economy technologies. Therefore, this study 
develops knowledge and contributes to the collective literature of this study, represented 
in, sustainable Circular Economy and technology development and assessment.  
 
This study contributes to the academic literature of technology development and assess-
ment in defining the best criteria to assess developing Circular Economy technologies in 
a qualitative manner. The literature does not explicitly cover any assessment criteria for 
Circular Economy technologies in their development phase. Rather, assess the perfor-
mance of currently existing CE technologies, as argued by Sassanelli et al. (2019) that 
covers most of Circular Economy assessments through a literature review.  
 
Therefore, the assessment of the cases based on their circularity, sustainability impact 
and technological readiness covered three different perspectives at addressing holisti-
cally Circular Economy technologies. In addition, opened a space of improvement and 
modifications that revealed the common assessment criteria and evaluation tools or 
methods for assessing Circular Economy technologies across five technology streams. 
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In the academic literature of sustainable Circular Economy, it was clear in many cases 
that, the inclusion of social benefits and considering the social dimension while develop-
ing Circular Economy technologies was absent. The analysis identifies that environmen-
tal improvements are always linked to social benefits, accordingly, impacting the social 
dimension. However, it is argued that ideally, the inclusion of the social dimensions sep-
arately is essential and should not be overlooked. Therefore, this study supports the 
literature that argues that Circular Economy does not contribute explicitly to the social 
dimension of sustainability (Murray et al., 2017b), and disagrees with the literature that 
acknowledge the importance of the inclusion of social dimension (Geissdoerfer et al., 
2017). Furthermore, such finding agrees with (Sassanelli et al., 2019): that existing liter-
ature has a strong orientation towards the environmental dimension of sustainability, ei-
ther alone or combined with economic one.  
 
One of the common findings across all technology streams in this study matched with 
the evaluation method commonly used in assessing the environmental dimension of sus-
tainability in the existing literature. Life Cycle Assessment (LCA) is considered the best 
tool for assessing the environmental impact linked to all the stages of product life as 
argued in the collective literature review made on assessing the performance of Circular 
Economy technologies (Sassanelli et al., 2019). 
 
Moreover, the cross case analysis was beneficial in identifying other important results 
which contribute to the academic literature of technology development and assessment. 
It was found that there is a direct and strong relation between technology circularity and 
technology readiness. Most technologies with high circularity has a low readiness level 
which indicate that Circular Economy technologies with reduce or reuse strategies re-
quire a lot of developments or still immature compared to recycling technologies. This 
result contradicts to the arguments made in literature that the high strategies of Circular-
ity as reduce and reuse are more effective in increasing material efficiency compared to 
recycling (Reh, 2013; Stahel, 2013). Which indicates that there is a gap between what 
the technology developers in the field of Circular Economy are focusing on and what is 
convenient for an effective and sustainable economic growth when it comes to resource 
management and material efficiency. 
7.3 Managerial Implications 
The transition towards Circular Economy and the new standards of sustainability that are 
set to be met, require the existence of different tools that can assist managers and com-
pany key players in decision making towards any developing Circular Economy technol-
ogy. Therefore, the assessment criteria developed through the cross case analysis in 
this study will help the managers to form an idea about any developing technology as it 
covers technology circularity, sustainability and readiness, and upon which can be used 
as a tool to assist them in their decisions. In addition, it can be deployed within the R&D 




On the other hand, the developed assessment criteria can be used by decision and policy 
makers to determine on Circular Economy technologies in their development phase. The 
decision can help them decide to further proceed in developing the technologies that can 
fulfill their designed road map and strategies towards an effective and sustainable eco-
nomic growth.  
 
The findings of this study discussed technology catalysts that accelerate Circular Econ-
omy, as well as, the assessment criteria of Circular Economy technologies. The findings 
indicate that technologies with high circularity appear to be low on their readiness. On 
the other hand, technologies with low circularity have high readiness. Nevertheless, re-
duce and reuse strategies of circularity are considered to be very effective in terms of 
profitability and resources efficiency. Therefore, managers should consider their devel-
opment plans to be focused more on technologies with high circularity. 
 
The confusion in theory of whether Circular Economy contributes to the social dimension 
of sustainability or not appears to be an issue that needs to be tackled while developing 
technologies. In this study, the Circular Economy contribution to sustainability appears 
to be limited only two Economic and Environmental dimensions of sustainability. There-
fore, in the beginning of technology development, managers should be in a close contact 
with the technology developers to make sure that technology developers can view the 
business perspective when developing their technologies. Also, make sure that their fo-
cus is not only directed to economic and environmental benefits, but social benefits as 
well. In addition, it was surprising to identify through cases analysis that the poor inclu-
sion of social dimension is blamed on the key players in the field of Circular Economy, 
or in other situation, there would be a claim of social benefits based on the environmental 
improvements done by the developing technology. Therefore, managers are supposed 
to consider the differences between the environmental and social benefits. 
7.4 Limitations of this Study 
To ensure the validity of this study, a framework for technology analysis was created by 
conducting a literature review that covered all the theoretical areas under research. How-
ever, the framework included some assessment tools that was chosen by the researcher 
as a reference to conduct the study which shows limitations on the effectiveness of the 
selected tools. Moreover, there is a possibility of missing important details of the theo-
retical research areas which shows some limitations to this study validation. 
 
Furthermore, the technologies mapped in this study covers different technological fields 
that made it hard for the author in many cases to understand the technicalities behind 
the technology described which may poses some limitations on the reliability of the data 
gathered. However, the interviewees were able to review the study to ensure a clear and 
correct description to their technologies. 
 
The framework developed was conducted on the purposed of assessing and analyzing 
the cases in a qualitative approach. Also, the framework used to analyze the cases in 
the same pattern and sequence in order to later be able to conduct a cross case analysis 
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to the selected cases. At the same time the selected cases were based on purposive 
sampling strategy to serve the objective of the study. Therefore, using case study as a 
research design, the case selection strategy and the patterned approach of analyzing 
cases may implicate the generalizability of this study. Nevertheless, the findings of this 
study can be considered as the beginning for further in-depth studies in assessing de-
veloping and sustainable Circular Economy technologies. 
 
Using TRL tool in assessing technology readiness had a limiting aspect of not covering 
the technology dynamics over time. It was hard to realize how technological changes 
over time may affect technology readiness and overview. Thus, the framework used for 
assessing the selected cases in this study seemed to have an instantaneous overview 
to the technology mapped. 
 
The identified main criteria that was a result of conducting this study for assessing de-
veloping Circular Economy technologies was similar to the predetermined criteria used 
as a reference for assessing the selected cases. That may indicate that interviewees 
were influenced and biased towards the predetermined criteria. However, the evaluation 
and assessment methods for each criterion was varying and changing from technology 
stream to another when compared to the original predetermined assessment tools used 
in this study. 
 
This study was conducted on 7 different cases that covered different technology streams 
and were not stream focused. The results of this study were somehow generalized since 
they were based on the 7 cases analysis to determine on the assessment criteria of 
developing and sustainable Circular Economy technologies and technology catalysts. 
Therefore, it not evident that the findings of this study are the best criteria for assessing 
CE technologies or determine upon which technology streams act as catalysts for accel-
erating Circular Economy transition. 
7.5 Future Research 
This thesis focused on studying seven Circular Economy technologies and tried to cover 
as many technology streams as possible. However, there is still a big room of improve-
ment and development in studying the most convenient assessment criteria for each 
technology streams by investigating more technologies for each technology stream and 
apply more intensive analysis. 
 
Moreover, this study claims that Circular Economy lacks the inclusion of social dimension 
based on assessing the dimensions from one indicator which is future employment op-
portunities. However, researching, studying and determining on more social indicators 
to be used in assessing the selected cases can add more in-depth to study and may 
have a change effect on the existing finding. 
 
The assessment of the selected cases was qualitative. However, it was clear the im-
portance of different quantitative tools in assessing the technologies in terms of their 
sustainability. Especially when it comes to the economic and environmental dimensions. 
80 
Therefore, inclusion of quantitative tools to the study will add another perspective to the 
assessment of technologies, though it will require expertise and knowledge on using 
those tools and will consume more time. 
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APPENDIX A: THE INTERVIEW STRUCTURE 
Introduction part 
First, start with a brief introduction about myself, and break the ice through a little dis-
cussion then introduce my research topic. Afterwards explain what the interview today 
will be covering as follow: 
 The latest Circular Economy technology or technologies you are developing 
 Learn about your experience of assessing Circular Economy technologies from 
technological readiness perspective 
 And from sustainability perspective as well 
Then, explain how the interviewee input will be so valuable for fulfilling the research 
questions and also developing a new assessment tool. Then, move into the question 
part. 
 
Technology mapping part: 
1. In your opinion, what type of technologies can act as a catalyst for enabling cir-
cular economy, and why?  -Catalysts to be defined as accelerator and advancing 
for CE- 
2. Can you tell me more about the technology developed/undergoing development? 
o Does it have a name? 
o What was your motivation for developing this particular CE technology? 
o What is its nature? If there is no clear answer then: do you consider it as 
a hardware, software, a chemical formula or what? 
o Is it a standalone technology or part of something else, can you tell me 
more about it? 
o What does the technology do in a lab environment? i.e. 9Rs 
o How do you visualize a completely developed and mature form of this 
technology? 
o When did you start researching and developing this technology? What 
was the path that led to developing this technology, were you triggered by 
studying/researching other technologies? 
3. How the technology does advances circular economy and general sustainability? 
o How does it improve resource efficiency? 
o How does it improve environmental sustainability? 
o How does it improve social sustainability? 
4. If you want this technology to be widely spread then, where it can be spread? 
And who can use it? 
 
Assessment part: 
1. In your opinion, what is the best criteria for assessing CE technologies? 
91 
2. What were the aspects you take into consideration to assess the technology 
readiness? 
3. Should the social contribution of the technology be assessed as well? How? 
4. In your opinion what would you add or change to the figure in order to assess CE 
technologies in particular and their readiness to improve resource efficiency and 
sustainability? 
5. Or would you use another tool or method for assessing? Which tool and why? 
6. Where would you place your technology readiness on the TRL figure? 
 
Closing and snowballing: 
I am done with all the question related to my research but at the moment please feel free 
to add anything else to the topic or express any comments. Afterwards, if you know any 
other researcher who is involved with CE related technologies please let me know. Then 
close with, thank you so much for your time, the chance of interviewing you and for your 
valuable information. 
